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Synopsis· 
The work described in this thesis falls into five parts. Four 
of these parts deal with the extension of the Danckwerts-Mickley 
surface renewal concept for turbulent mixing, to the problem of 
calculating the convective and condensation· heat transfer coefficients 
from surfaces which are in mechanical oscillation, or are maintained 
in an acoustic field. The fifth part discusses experiments carried 
out by the author on the condensation of steam at atm05ph.eric pressure 
on a horizontal tube subjected to mechanical oscillations in the 
vertical plane. A perturbation analysis of the problem has also bee!> 
carried out and compared with experiment. 
The four parts dealing· with the Danckwerts-Mickley surface 
renewal concept are under the following headings. 
(1) The effects of combustion driven acoustic oscillation on 
the forced convective heat transfer in turbulent flow 
through a cylindrical gas air burller. 
(2) The effects of mechanical oscillation in a transverse 
plane, on free convection from a vertical heated plate 
in air. 
(3) The effects of mechanical and acoustic oscillation on 
free convection from heated horizcntal cylinders in air. 
(4) The effects of lateral mechanical oscillation on 
condensation heat transfer on a vertical tube. 
The use of the Danckwerts-Mickley model in (1) above has been 
justified through the observations of Kline ~~d others on the structure 
of turbulent boundary layers, and the observations of Male and others 
on the effects of combustion oscillation on gas flow in the region of 
a wall. Further preference for the surface renewal model over th.: 
more usual Von-Karman-Martinelli analogy for calculating the average 
heat transfer is the fact that quantitative empirical' information on 
velocity distributions are not required. 
The use of the Danckwerts-Mickley model in (2) and (3) above, has 
been ~,sed on the observations of Locke and Trotter on the structure of 
turbulent free convective boundary layers, and on the observations of 
Eckert and others, of the processes of instabilIty and transition 
to turbulence of the laminar free convective boundary layer. 
In the extension of the Danckwerts-Mickley model in (4) above, 
use has been made of the observations of Portalskiand Brooke-Benjmnin 
on the instability and transition of thin liquid films down inclined 
and vertical su~faces. 
The general philosophy in using the Danckw.orts-Mickley renewal 
concept. in this thesis has been phenomenalogicr..l rather than mathematical. 
That is, from observed experimental facts concerning the behaviour of 
boundary layer flows, and flow behaviour in the presence of mechanical 
or acoustic oscillations, a mixing mechanism is postulated in conjunction 
with the results of the Danckwerts-Mickley renewal concept, the adequacy 
of the postulate is then tested by observation of the gross effects of 
mixing on the average heat transfer at the heat transfer surface. In 
these comparisons, use is made of the available experimental data in the 
heat transfer literature. 
Agreement between the calculated ratio of average heat transfer 
coefficients in the presence and absence of oscillation hV/ho using 
the methods outlined above, and available experimental data is generally 
good, within the limitations of the mixing model and exp9rimental error. 
Comparisons have also been made in one case (3) with the asymptotic 
solutions of Richardson, and it is found that ihe methods developed in 
this thesis show better agreement with a wider range of experimental data 
than the solutions of Richardson. 
Much of the work outlined here has been published or is in press. 
A list of these publications are given below. Copies of these papers 
are also grouped together in Appendix (VUn at the end of the thesis. 
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Int. Jour. Heat and Mass Transfer 11, 605 (1968) 
(3) The Effect of Vibration on Condensation Heat Transfer to 
a Hcrizcntal Tube. 
Proc. 1. Mech. E. (In Press) 
(4) The Calculation of Heat Transfer Coefficient for Condensation 
of Steam on a Vibrating Vert ical 1'ube. 
Int. Jour. Heat and Mass Transfer (In Press) 
(5) The Effect of Acoustic and Mechanical Oscillation on Free 
Convection from Heated Cylinders in Air. 
Chem. Eng. Science (In Press) 
\ 
Acknowledgements 
The author is indebted to Professor B. Downs, 
Head of the Mechanical Engineering Department at Loughborough 
University of Technology, for permission to conduct this work 
in his Department and for his encouragement through the facilities 
and time which he made available for its execution. 
The author would also like to express his indebtedness to 
the following people for their assistance during this project. 
Mr. J. R. Mitchell, his colleague, for his 
assistance in programming the work in section (16.0) 
for the digital computer. 
~rr. J. R. Baggaley who constructed the experimental 
equipment for the condensation studies and 
painstakingly ran off the experimental results. 
Mrs. M. Hubbard and Miss M. Tivey for typing the 
manuscript. 
Mr. K. Topley for his assistance with photographic services. 
Mr. T. Middleton for construction of electronic equipment. 
Mr. E. Schofield for his assistance with experiments. 
Thanks are also due to Mr. H. Russell, Chief Technician, 
in the Department of Mechanical Engineering and those of 
his staff who have not been mentioned, for their help 
generally. 
The author would like to express his thanks to Mr. H. C. Lowe 
of the Staffordshire College of Technology who kindly provided a copy 
of h:.s Masters thesis which has been most useful in the. provision of 
accurate experimental data. 
Finally, the author would like to express his deep appreciation 
of the interest and encouragement of Mr. H. W. M. Kropholler, 
Senior Lecturer in the Department of Chemical Engineering, during the 
progress of this work. 
------------000------------
.-~ 
v 
~"~. ~-------------------------------_---____ -_--f;-r.~~. ~ .. 
a = 
A = 
C = 
Cp = 
D = 
f = 
g = 
gc = 
GR = 
h = 
I n = 
k = 
.L = 
L 
--
m = 
M = 
n = 
P = 
PR = 
Q = 
r = 
R = 
Re = 
5 = 
S = 
t = 
u = 
U = 
v = 
-V = 
oC = 
b = 
~ = 
~ = = 
.~ 
= 
JL = 
Notation 
Amplitude of Oscillation ft. 
Surface Area ft2 
Acoustic Velocity ft/sec. 
Thermal Capacity 
Diameter ft 
Frequency c/s 
Chu/lbm 0c Btu/Ibm of 
Acceleration due to gravity. 32.2 ft/sec2 
Gravitational constant 32.2 Ibm 
lbf 
Grashof Number - Dimensionless 
ft 
-;e~ 
Heat l'ransfer Coefficient Btu/hr ft2 of 
nth Order Bessel Function of the 1st kind 
Thermal Conductivity Btu/hr ft of 
Length ft 
Length ft 
Mass flow rate Ibm/sec. 
Mach Number - Dimensionless 
Normal Co-ordinate - ft 
Pressu_rD - Ibf/ft2 
Prandtl Number - Dimensionless 
Heat Transfer Rate - Btu/hr 
Radius - ft 
Radius, or Resistance ft or ohms 
Reynolds Number - Dimensionless 
Characteristic length of Duct ft 
Mixing Coefficient - l/hr 
Time - hours 
velocity parallel to surface ft/sec 
Free Stream Velocity ft/sec 
velocity normal to surface ft/sec 
Free Stream velocity ft/sec 
Thermal Diffusi vi ty;. or Teinperature Coefficient of Resistance 
ft2/hr or /OC 
Boundary Layer/condensate film thickness - ft 
Difference 
Density or Resistivity Ibm/ft3 or ohm.cm. 
Perturbation Parameter - Dimensionless 
Characteristic Length - ft 
Absolute Viscosity Ibm/it hr 
-
y 
e 
~ 
c..v 
~ 
= 
= 
= 
= 
= 
Notation 
Kinematic Viscosity ft2/hr 
T.emperature of or 0c 
Angular Position - degrees 
Circular frequency rads/sec 
Shear Stress lbf/ft2 
Other notation and suffices defined in text. 
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1.0. Introduction 
In the study of convective transport processes our concern 
is in the transfer of heat, mass or momentum due to the motion of 
a fluid. This motion may be caused by an external agency (Forced 
Convection) such as a pump, fan or stirrer, or it may result from 
buoyancy forces set up by thermal gradients within the fluid (Free 
or Natural Convection). In some instances fluid motion may result 
from the combined effects of these two convective modes. Convection' 
can be further classified depending on whether the flow regime is 
laminar or turbulent. 
In laminar flow the transport across adjacent fluid layers 
takes place on a molecular scale, whereas in turbulent motion, 
because of random mixing of the fluid, transport across adjacent 
fluid layers takes place rredominantly on a macroscopic scale. 
Because the transport coefficients for the macroscopic process are 
much larger than those for the molecular process, turbulent transport 
processes are more effective than laminar ones. Since convective 
transport depends on the motion of the fluid it can be seen that 
forced convective transport is generally more effective than free 
convective transport for a given fluid medium. 
If the region in the vicinity of a fluid. solid interface 
I 
is considered, the effect of viscosity of the fluid is to reduce the 
velocity of the flow progressively to zero at the solid or wall surface. 
The region over which the velQcity decreases from its free stream 
value to zero at the wall is termed the boundary layer. In the 
case of a turbulent flow, 7.he turbulent ,mixing motion is progressively 
damped out in the boundary layer, and at the wall a predominantly 
laminar sub-layer is considered to exist. This progressive 
diminishing in the flow velocity and turbulent mixing as the wall is 
approached from the free stream, results in less effective transport 
between the bulk of the fluid and the wall. 
l.t Convective Heat transfer from gases and meihods for increasing 
!!. 
Because of differences in fluid properties between gases 
and liquids characterised by the Prandtl number, it is known that 
Forced and ~'ree convective heat transfer coefficients for gases are 
amongst the lowest for these two modes of convective transpolo, 
provided similarity of the fluid motion is preserved through the 
Reynolds or Grashof numbers. This beii,g so, it is often found that 
the gas side heat transfer coefficient is the factor controlling 
the overall heat transfer rate in a particular process. It is of 
importance therefore to find ways by which the gas side convective 
heat transfer coefficient may be increased. 
Methods for improving the convective heat transfer coefficient 
for gases, usually employ some means of causing more efficiont 
thermal transport across the boundary layer, such as the use of 
turbulence pr0moters in the form of spiral elements for tube flow 
or roughened or gr·ooved surfaces, which, provided the surface 
roughness elements protrude through the laminar sub-layer cause 
increased turbulence and heat transfer. A further method is the 
seeding of the transfer gas with fine particles of high thermal 
capacity which are thought to carry out a shearing and penetration 
of the sub-layer thereby causing improved thermal transfer with the 
wall. 
Other methods employ oscillations i.n the flow or the 
superposition of an acoustic oscillation in the fluid medium to 
promote either earlier transition to turbulence in a laminar boundary 
layer, or groater mixing in a turbulent one. 
Finally methods may be employed which cause the heat transfer 
surface to oscillate relative to the fluid; and in this way set up 
greater mixing in the fluid. 
This thesis is concerned with the effects of acoustic and 
mechanical oscillations on convective heat transfer. The subsequent 
sections will therefore be devoted to the survey of the relevant 
literature on the subject, and calculation methods for predicting 
heat transfer under conditions of acoustic or mechanical oscillation 
will be presented. 
2.0 THE EFFECT OF ACOUSTIC OSCILLATIONS ON FORCED 
CONVECTIVE HEAT TIUL~SFER FROM GASES IN CYLINDERS 
3, 
2.1. Acoustic Os~illation of ' a' Gas in a Cylindrical Cavity 
in the absence of Bulk flow of the Gas and Heat Transfer 
with the Cylinder walls. 
Under the above conditions, resonant acoustic oscillations 
of a gas within a rigid cylindrical cavity occur because the frequency 
of the driving oscillation corresponds to one of the acoustic modes of 
resonance for the chamber. 
Figure 2-1 illustrates schematically the three principal 
acoustic modes of oscillation that can occur in a cylindrical cavity, 
assuming standing wave conditions. 
Longitudinal 
'- ..... . 
.- --. .-. 
o§J , ' ;-, , '<]'" ". - . .' 
, 
. .. . 
, ':.. 
Transv~rse Raciial 
.... , 
:Principal Acoustic Modes of Oscillation for Standing Wave Conditions in 
a Cylindrical Cavity. Fig. 2-1 
The resonant frequency of the acoustic oscillation for a cylindrical 
cavity can be obtained from the solution of the three dimensional wave 
equation for the perturbation of the cavity pressure due to acoustic 
oscillation. This yields a general expression for the acoustic 
frequency in terms of the wave numbers for each particular mode. In 
this way the frequency of combinat"ion modes of oscillation can be 
determined. From Morse (Bibliography 1), ,the general frequency equation 
for a cylindrical cavity of radius R and length L is 
n, q = Vsonic 2 
2.1.1. 
where f m, n, q is the acoustic frequency depending on the wave numbers 
m, n, q for the pure radial, tangential and longitudinal modes 
respecti vely. Vsonic is the sonic velocity for the gas in the cavity 
4 
based on the assumption of an ideal gas. 
the value of the argument of In such that 
d 
dr 
The constant oCm, n is 
2.1.2. 
Since I n is an oscillating function of its argument, the sequence of 
m's and n's yield a doubly infinite set of frequencies. 
The ddpendence of the acoustic mode on the wave number is 
shown below. The value of the constantoC ni, n is also given for 
various values of m and n. 
Dependence of Acoustic Mode on Wave No. 
Wave No. 
m n q 
moo 
_0 n 0 
o 0 q 
combination of two or three wave no's. 
Value of oC m, n 
n\m 0 1 2 3 4 
0 0.000 1.220 2.233 3.238 4.241 
1 0.586 1.697 2.714 3.725 4.731 
2 0.972 2.135 3.173 4.192 5.204 
3 1.337 2.551 3.612 4.643 5.662 
4 1.693 2.955 4.037 5.082 6.110 
Type of Mode 
Pure Raclial 
Pure Tangential 
Pure Longitudinal 
Combination Modes 
2.2 Methods of Producinif Acoustic E>&tation of a gas in 
Cylinder 
a 
There are two basic methods of producing acoustic e~itation 
of the gas in the cylindrical system. The first of these uses an 
electrical driver - Loudspeaker - which is fi -;ted to one end of the 
cylinder, and fed with oscillations of the appropriate frequency and 
power level- through an oscillator 'md amplifier. 
The second method that can be used employs the amplification 
of acoustic pressure pulses because of heat addition at the peaks of 
15. 
the pressure pulses. This phenomenon was first studied by Lord Rayleigh ... 
he found that if heat was periodically added to and abstracted from a 
mass of gas oscillating in a cylinder, the effect produced depended on 
the phase relationship between the oscillations in the gas pres';ure 
and the heat transfer. Pressure oscillations were amplified when 
heat was either added to the gas when the pressure amplitude was at a 
maximum, or removed from the gas when the pressure amplitude was a 
minimum. 
The Rayleigh mechanism for the amplification of pressure 
oscillations due to heat release has been observed in Ramjet and 
Rocket combustion systems - which can be considered as cylindrical 
cavities, because of the partial closure due to the propelling nozzle. 
In these systems the pressure oscillation is set up bp-cause of 
irregularities in the burning of the fuel, vortex shedding from flame 
holders etc., the pressure rises caused by the oscillation increase 
the temperature of the combustion gases and therefore iricrease the 
chemical reaction rate and heat release which in turn cause the 
pressure to rise. Under these circumstances an unstable situation exists 
and it has been found in practice that with these conditions of 
operation a combustion system using high energy fuels3could be 
destroyed within seconds. With lower energy fuels however, the thermal 
driving of the oscillation is not so intense and the result is the 
establishing of an acoustic oscillation in the chamber. 
It has been found (Bibliography 2, 3 4) in the study of 
Ramjet and Rocket combustion systems that heat release due to combustion 
near the walls of the combustion chamber produce transverse modes of 
oscillation, whereas heat release at the centre of the co,,,bustiol1 
chamber produces radial modes of gas oscillation. It has been found 
that for cylindrical combustion chambers with ~ ~ 1.0 longitudinal 
D 
modes are not present; with ~ » 1.0 weak longitudinal modes begin to 
D 
appear. These observations are in accordance with Morse (Bibliography 
1) concerning cylindrical cavities in general. 
From experimental observation on rocket and ramjet systems 
it has been found that the frequencies for the various resonant modes 
of oscillation are in agreement with 2.1.1., irrespective of whether the 
oscillatory wave system was of the standing or travelling type. This 
agreement also indicates that the frequencies can be predicted in the 
cylindrical cavity with accuracy irrespective of the bulk flow of the 
gas and heat transfer to the chamber walls. 
ln commercial boiler plant where lew energy fuels are used 
with moderate rates of heat release, the possibility exists of exploiting 
the observed increase in convective heat transfer from the combustion 
6. 
gases due to their oscillatory motion. The concern in this thesis is 
with the second method of exciting acoustic oscillation in gases in a 
cylinder, because of the possibility of practical application. However, 
the literature concerned with electrically driven systems by means of 
loudspeakers will also be reviewed. 
7. 
r' 
2.3:. Forced Convection h€'attransfer, in cylind:.:ical tubes with acoustic 
oscillations imposed on the'flolV by electrical drivers 
A recent survey of the effects of oscillations on heat and mass 
transfer carried out by Rao (1), shows that the bulk of the work covered 
by the above heading, was carried out by Jackson and his co-workers at 
the Georgia Institute of Technology (2, 3, 4, 5). Other work in the area 
is, that of Lemlich and Hwu (6). It should be pointed out that the above 
heading does not include work involving the effects of large pres~ure 
pulsations in the flow. 
Jackson et al (2) conducted preliminary experiments to determine the 
effects of acoustic oscillation and combined free an~ forced convection 
on heat transfer coefficient in a 3.75, inch I.D. vertical isothermal tube 
5ft long. The acoustic waves were propagated in the same direction as the 
air flow which was from the lower end of the tube. Results were obtained 
at a constant frequency of 520 cls and a Reynolds number of 2300. The 
effect of sound pressure level on average heat transfer coefficient was 
negligible up to 118 db. but free convection effects were significant. 
Beyond 118 db. acoustic effects become significant and heat transfer' 
coefficient rose approximately linearly with sound pressure level to 
129 db. which was the limit of the test. At this condition the average 
heat transfer coefficient was 40% greater than that Vlith no oscillations. 
The whole series of tests were run for ~ PR DIL = 1.2 x 105• Because of 
the limited nature of the experiment with regard to frequency and Reynolds 
number, no conclusions can be drawn other than the linear variation of 
heat transfer coefficient with sound pressure level for constant Reynolds 
number and frequency. 
Jackson, Purdy and Oliver (3) experimented with a horizontal 
3.89 in. I.D. heated isothermal tube 10 ft long. Reynolds number for the 
air flow varied from 2040 to 11,600 under conditions of simultaneous 
development of velocity and temperature profiles. Sound pressure levels 
from zero to 162.5 db were propagated in the direction opposite to the 
air flow with resonant frequencies of approximately 171, 221 and 356 c/s. 
The variation of sound pressure level with axial position was determined 
'with a microphone mounted on a probe which was traversed along the centre 
line of the tube. This was merely to give the flow pattern in the tube. 
Heat transfer runs were conducted with the microphone mounted in the 
inlet plenum chamber. 
It was found that the effect of acoustic oscillation was to produce 
a periodic effect on local heat transfer coefficient, with maxima' 
occuring at pressure nodes. The maximum increase in the average heat 
8. 
transfer coefficient at 163.5 db being approximately 20% for a Reynolds 
number of 2100 and frequency of 221 and 13% for a Reynolds number of 
11,600 and frequency of 216 c/s. For these two conditions it was found 
that oscillations had no effect until the sound pressure level exceeded a 
vlllue of 152 and 153.5 db respectively. Both local and average values of 
heat transfer coefficient increased with increasing sound pressure level 
above the critical value. Little effect of frequency was observed on 
the values of· heat transfer coefficient. 
In a later paper Purdy, Jackson and Gorton (4) analysed the laminar 
flow results obtained in their earlier experiments (3), and formulated a 
perturbation solution for a two dimensional duct flow. From this 
analysis the flow pattern shown in figure 2-2 with a standing quarter· 
wavelength vortex system at the wall was obtained. Flow visualisation 
studies confirmed the results shown in figure (2-2) as regards position of 
the vortex system. 
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Fig. 2-2 Standing Quarter Wavelength Vortex System Ref. (4) 
The main conclusions of these two studies (3), (4) were:-
1. The character of the periodic variation in local heat transfer 
was different for laminar and turbulent main flows, (this was 
further clarified in a later paper (5». 
2. From the analysis for the laminar flow condition it was found 
that the size of vortices produced were a function of the 
ratio of Acoustic Mach ~umber to the square of Flow Mach Number 
which reduces to ii" T Vo~ ]. 'lllUS for a given set of flow 
conditions Mo and Vo are constants, hence vortex size is 
proportional to (a",) 
3. From experiments under laminar flow conditions it was found 
that the periodic variation in heat transfer coefficient had 
maxima at positions where the mainstream and the vortex flow 
impin~ed on the wall - this later result bein~ obtained from 
the perturbation analysis - at this point there was a pressure 
node. Minima in local heat transfer coefficient occurred at 
positions where the main stream and vortex flow separated from 
the wall. (see fi~e 2-2). 
/0. 
Jackson and Purdy (5) extended their earlier results (3) by increasing 
the upper limit of Reynolds Number to 200,000, though in this paper 
results are only quoted up to a Reynolds Number of 49,690. In this 
paper the authors developed an empi~ical method for the computation of 
local variations in heat transfer coefficient along the tube. The 
method consisted of usin~ available correlations for forced convection 
heat transfer with developing floW; and modifying this by the superposition 
of an instantaneous velocity which represented the effects of oscillations. 
A.~ interesting feature of this paper was experimental evidence to show 
that when the maximum particle velocity due to oscillation was greater 
than the mean flow velocity; then the flow would be of a vortex type 
similar to that shown in figure 2-2, this was found to be the case for 
laminar and turbulent flows with Reynolds number up to about 30,000. At 
higher Reynolds number the vortex flow did not exist. 
conclusions drawn by the autb~r's were:-
The main 
1. Resonant acoustic oscillations decreased the local heat transfer 
coefficient for turbulent flows where vortex cells did not 
exist i.e. Reynolds number greater than 30,000. 
2. Local heat transfer maxima occurred at approximately half 
wavelengths and multiples of this, if vortex cells existed 
i.e. Reynolds Number less than 30,000. 
3. Local heat transfer minima points occurred at approximately 
half wavelengths and multiples of this if the flow velocity was 
greater than the maximum. particle velocity due to oscillation. 
4. The sound pressure level below which acoustic oscillations had 
no effect on heat transfer varied with flow Reynolds number •. 
I/o 
The variations of local effects discussed above are shown in 
figures 2-3, 2-g and 2-~ below. It should be noted that Free convection 
effects are of importance fDr the lowest heynolds number case. 
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Lemlich and Hwu (6) in their experiments' used a horizontal 0.745 1.0. 
heated isothermal tube through which air was passed. A calming section 
65 ins. long and thermally isolated from the 25 in. test length ensured 
a fully developed velocity profile at entry to the heat transfer section. 
The acoustic driver propagated a wave in the same direction as the air flow. 
Tests were conducted with standing resonant waves at frequencies of 
approximately 198, 256 and 322 c/s. The sound pressure level was 
measured by traversing a total head tube of 11" Di". axially along the 
bottom of the heated section, the pressure being recorded on an inclined 
manometer. The Reynolds number for the tests varied from 565 to 5950. 
TIle authors obtained correlations for their data alone,for the laminar 
flow region - Reynolds Number below 1500 and for the turbulent region 
Reynolds number greater than 2500. No flow visualisation studies were 
carried out. These experiments showed that for a constant average SOillld 
pressure level through the tube, the average heat transfer coefficient 
increased with increasing frequency. Evidence of earlier transition to 
turbulence was shown by the large increases in heat transfer with 
oscillation when flow Reynolds Numbers were of the order of 1500 to 2100. 
The main conclusions of the authors are:-
1. Greater improvements in average heat transfer are to be obtained 
with laminar rather than turbulent main flows. 
2. Results qualitatively agree with conclusions of Jackson et al. 
except for the frequency effect on heat transfer, however, the 
authors attribute these differences to the differing methods of 
measuring sound pressure level and the fact that Jackson et al. 
did not use the average sound pressure level in the tube in 
their calculation~, but the value measured in the plenum chamber 
at entrance to the flow section. 
3. One of the effects of the oscillations is to act as a turbulence 
trigger. 
Some ideas of quantitative agreement between the results of Jackson 
et a1 ~3) and Lemlich and Hwu can be obtained by conSidering the results 
common to both investigations. At a Reynolds number of approxima~ely 
2100, from Jackson et al (3) we see that for an increase in the sound 
pressure level from 152 db to 162.5 db. with frequency at 221 c/s the 
increase in average convective heat transfer coefficient is about 20%. 
Now S.P.L. (db) = 20 10glO [L1 where Po is a refel'ence 
Po " ... $. 
pressure level of 0.0002 dyne/cm2 • Therefore the ratio 
-" .- ....• _-_.- ...... 
ol'162.5db 
!'152 db 
<= 3.35 
From Lemlich and Hwu (6) for a Reynolds number of 2080 and frequency of 
256 c/sec. The average acoustic pressure below which the heat transfer 
coefficient shows no appreciable effect is about 1.0 Ibf/ft2 for an 
increase in average pressure to about 3.0 the average heat transfer 
coefficient increases by approximately 35%. In the transition regime 
therefore qualitative agreement exists between the experiments of Jackson 
et al and Lemlich and Hwu. 
Summary 
From the foregoing work the following appear as the main facts. 
1. Two basic flow regimes o 
(a) Vortex flow 
(b) Non Vortex turbulent flow. 
Vortex flow obtained with laminar conditions, and turbulent 
conditions up to a flow Reynolds number of 30,000. 
Non Vortex turbulent flow obtained with Reynolds number greater 
than 30,000. For this condition it appears that effect of 
oscillation is to reduce the average heat transfer coefficient, 
however, the evidence does not appear to be strong enough to 
consider this as general. 
Vortex flow generally produces an increase in the average heat 
transfer coefficient. 
2. For a given set of conditions with vortex flow, the vortex size 
is directly proportional to sound :i;ntens:tty level. 
3. Increased heat transfer at points of greater mixing at wall, 
Similarly reduced heat transfer. at points of reducen mixing 
when flow is away from wall. (see fig. 2-2). 
4. Difference in the methods of measuring sound pressure level 
make quantitative comparisons between results of the two 
different groups of workers difficult. Ideally acoustic 
pressure on the boundary layer is required; this would be 
achieved by mounting the microphone flush with the tube wall. 
13. 
2.4. Forced Convective heat transfer in cylindrical burners with 
combustion d1:'iven acoustic oscillations of the chamber gas 
Of the early work in this field (pre world war two) that of Reynst (7) 
is worthy of note. Reynst had conceived the idea of utilising the 
combustion driven oscillation in a fanless boiler plant, where the 
induction and scavenging action was performed by the pressure oscillations 
due to acoustic resonance. A further advantage of this method of 
furnace design was its use with pulverised fuels, where a high relative 
velocity between furnace gas and fuel particle is necessary for greater 
combustion efficiency. The bulk of Reynst's work (7) is concerned with 
the aerodynamic and acoustic prinCiples associated with these devices and 
their actual design. While he realis_ed,: that improved heat transfer 
resulted from the oscillatory motion of the combustion gases, no specific 
study was concerned with the heat transfer processes involved. 
In the post war period the bulk of the work on combustion driven 
acoustic oscillations has been carried out in the aero-spaceindustry. 
Much of this work has been directed at understanding the aerothermochomistry 
of the phenomenon, and establishing design principles which avoided the 
occurrence of combustion driven acoustic oscillations, becuase of their 
damaging effects to the combustion chamber. Of the vast literature on 
the subject, the number of papers dealing directly with heat transfer 
aspects and flow visualisation studies are very few. To get the heat 
transfer and gas motion of the problem in perspective the papers of 
Male, Kerslake and Tischler (8) and Kreig (9) who carried out flow 
visualisation on rocket motors will be studied, the authors of reference 
(8) also obtained heat transfer coeffiCient data. 
experiments of Zartman (10) will be discussed. 
Finally the 
0-
·Male, Kerslake and Tischler (8) carried out their study onh4 in. I.D. 
cylindrical rocket engine of 23 in. length, terminated by a converging 
diverging nozzle. A transparent section extending 5~ ins. from the 
burner plate enabled high speed photographic studies to be carried out 
in this region. Simultaneous recording of the combustion process from a 
top an~ side view enabled a three dimensional picture to be constructed, 
'Heat transfer rate was estimated from the depth of erosion in the combustion 
chamber - depth of erosion being proportional to heat transfer rate for a 
given running time. 
Two basic modes of oscillation were obtained a 1000 cls longitudinal 
mode and a 6000 cls tangential mode of the spinning variety. Observations 
showed that the longitudinal mode was shock fronted whereas there was nO 
evidence of the tangential. mode being shock fronted, the pressure 
fluctuations recorded were very large (peak to peak variations from 2 
to 4 times the mean combustion chamber pressure) and therefore outside 
the scope of acoustics. Erosion measurements showed that heat transfer 
rates with the longitudinal mode.were .twice those of normal combustion 
whereas the tangential mode rates of heat transfer were six times those 
of normal combustion. The authors concluded that these changes were 
probably due to macroscopic transfer of the chamber gas to the wall, 
brought about by increased turbulence, or reduction in boundary layer 
thickness. 
Kreig (9) in his study used a 15 ins. diameter rocket motore 
operating at mean pressure$of about 330 lbf/in2 • Flow visualisation 
using techniques similar to those of Male et al (8) were carried out. 
'Ibe results of one of these visualisation studies across an axial 
element of the chamber is shown in figure (2-£). 'Ibis was carried out 
for a tangential oscillation mode frequency of 1750 c/s. 'Ibe figure 
shows clearly the motion of the gas towards the wall, which was also 
observed by Male et al. 
Fig. 2-.9 
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Zartman (10) conducted experiments on a 5 inch I.D. Propane-Air burner, 
in which the effects of longitudinal and transverse modes of oscillation 
on heat transfer to the chamber wall could be studied separately. The 
pressure levels were recorded on a microphone mounted flush with the 
chamber wall and were well within the limits of acoustic's. Heat 
transfer measurements were made at five locations along the length of the 
combustion chamber downstream of the flame holder, these measurements 
were made by means of thermocouples located 
lite 
temperature was obtained by means of~Sodium 
in the tube wall. Gas 
line reversal method at 
locations along the length of the chamber. Tests were conducted to 
determine the distance in which fully developed heat transfer results 
could be attained. nlis was found to be between 12 and 14 inches down 
stream of the flameholder depending on the type of flameholder (blockage) 
used in the experiments. Flow Reynolds numbers were varied from 35,000 
to 48,000. Frequency of oscillations was varied from approximately 350 
to 4,000 c/s and sound pressure levels from 130 to 158 db. were recorded. 
The main observations of this study were 
1. Up to a sound pressure level of 130 db no noticeable effects of 
acoustic oscillation on heat transfer rate was observed. 
2. Above 130 db,heat transfer coefficient increased linearly with 
increasing sound pressure level (see fig. 2-7). 
3. The effect of oscillation on heat transfer coefficient was 
found to be independent of frequency - i.e. whether mode was 
longitudinal or transverse (350 or 4000 c/s). 
4. Similarity in the temperature profiles and relative invariance 
of the combustion efficiency suggested that the fluid dynamics 
rather than the combustion process controlled the heat flux 
rates. 
5. The effect of shortening the burning length was to increase the 
intensity of oscillation and therefore cause further increase 
in heat transfer • 
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16. 
2.5. Overall Discussion 
Zartman's flow and acoustic data lie in the region classified by 
Jackson et al as the non vortex flow, turbulent main flow condition. 
(i.e. Re>30,OOO). 
However, the heat transfer data of Zartmrul shows a contrary 
trend to that of Jackson et al - increasing heat transfer coefficient 
in the presence of sound. 
It is clear that the flow situation in the region of the wall 
which controls the convective heat transfer process is different for the 
two situations. In the electrically driven system, the acoustic 
streaming vortex motion is destroyed by the main flow when Re" 30,000 • 
.In the combustio::t drJ.ven acoustic oscillation problem, the combustion 
heat release drives the weak pressure oscillations present due to 
cavity resonance, the increase in the resulting pressure oscillation 
causes a modification to the bulk flow, and,as has been observed, 
greater mixing in the boundary layer. 
However, Zartman's experiments and those of Jackson et al both 
show that there is no effect of acoustic frequency on the rate of heat 
transfer. 
From what has been said above, it is apparent that any method 
developed for the computation of the heat transfer coefficient in the 
presence of combustion driven acoustic oscillation will be unsuitable for 
electrically driven systems. 
'"-----'" -
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3.0 THE DANCKWERTS-MICKLEY MODEL FOR TURBULENT HEAT EXCHANGE 
And Its Application To Problems Of Forced Convective Heat 
Transfer In 1he Presence Of Combustion Driven Acoustic 
Oscillations In Tubular Chambers. 
18. 
The Selection of a Model for Turbulent Heat Exchange between a Gas and 
Wall Surface in the Presence of Acoustic Oscillation 
3.1. The Classical Approach to the Proble",of Turbulent Flow with 
Heat Transfer. 
The classical approach to the study of laminar fluid 
motion is through the Navier Stokes equations. However, Prandtl 
showed (11) that, from order of magnitude considerations, the 
complex Navier Stokes equations coul.d be reduced to the simpler 
boundary layer equations. 
For the steady laminar incompressible two dimensional 
boundary layer flow over a flat plate at zero incidence, the 
boundary layer and continuity equations are (11) 
u ~~ v~u y.3 2u + ~y = F? .. ":'., .. (;Ix 
.; 
~u 
+ 
cv 
= 0 
ox <ly 
'with boundary conditions. 
At Y = o' , u = v = 0 
y = 00 • , u =Uro the free stream velocity 
At x = o' , u =Uro 
3.1.2. 
3.1.3. 
A corresponding order of magnitude consideration of the 
general energy equation (11) for the laminar forced convective 
transfer of heat from t~e heated fluid to the cooler plate of the 
above hydrodynamic problem yields in the absence of kinetic 
heating effects. 
u 
+ --- 3.1.4. 
In the study of turbulent fluid motion, the approach to the 
problem is to assume after Roynolds (11), that the turbulent 
fluid motion can be separated into a mean motion and a 
fluctuating or eddy motion. ~f the three time averaged components 
of the fluid motion are given by u V and w and the fluctuating 
19. 
components are given by ul ; vI and wl ; then the instantaneous 
values o'f the three components of motion are 
u = ii 1 +u 
Similarly, fluid properties such as pressure (p), 
temperature (6) and density (I') at 'any instant can be handled 
in the same way so that 
The time averaging is considered to be carried out at a fixed 
pOint in space and to be taken over a sufficiently long period of 
time for them to be independent of time. 
e.g. u '" ,,~t~"U.dt. 
-----3.1. 5. 
By this definition, we see that the time average of the fluctuating 
quantities would be zero, so that lil"= 0 ~= o etc. 
The mean fluid motion must satisfy the Navier-Stokes equations 
and the continut-<y equation, reference (11). The fluctuating 
velocity components ul ; vI and wl influence the mean motion 
u; v; and w in such a way that the mean motion exhibits an apparent 
increase in its resistance to deformation. The fluctuations vI 
and wl normal to the bulk flow in the x direction give rise to shear 
stresses in ,the fluid' - f ulvl a~ p ulwl while the ulfluctuation 
gives rise to a normal stress -f u12 . Therefore, the Navier-Stokcs 
equations take on an extra set of stress terms - The Reynolds 
Stresses - which account for the turbulent fluctuations in the flow. 
For the steady two dimensional incompressible turbulent flow 
over a plate at zero incidence, the Prandtl boundary layer equation 
and continuity equation from order of magnitude considerations are 
from reference (11). 
u ~ii v ~ii ..~[Y+ .. n~} ~x + ay = ____ ,3.1. 6. 
~ + ~v 0 ~x ~y = ____ 3,.1.7. 
:1.0. 
---------------------- -
where Em is the eddy momentum transport coefficient and is equal 
to 
the boundary conditions on 3.1.6. and 3.1.7. are the same as for 
3.1.1. and 3.1.2. 
For the forced convective turbulent heat transfer for the 
above hydrodynamic situation, the thermal boundary layer equation 
is:-
+ ----,3.1. 8. 
The boundary conditions on temperature are:-
at y = 0 ; e = eo 
at y~ro; e 8:x:> 3.1.9. 
at x = 0 ; e = eoo 
EH is the eddy heat transport coefficient and is equal to 
The evaluation of the local or average heat transfer rate to the 
plate surface necessitates the solution of 3.1.6.,3.1.7. and 3.1.8. 
along with appropriate boundary conditions 3.1.3. and 3.1.9. 
For the case of fully developed flow on a semi-infinite 
plate - (very long in the x direction). The velocity and 
temperature gradient which are of importance are those in the y 
direction. This can be shown from an order of magnitude 
consideration as follows. 
It is assumed that x is the order of magnitude of a 
length L which is>> 1, and that ii is of the same order. Further 
y is of the order of magnitude of the boundary layer thickness S 
which is« L and we assume ;; is of the order of S 
'Then 
o(L) 
o(L) 
~[(y + Ft\) au] 
~y . (ly 
o(L) 
--'--0($:':) 
Since O(L»> o(L) 
o( S 2) 
only the term of o(L) need be retained 
0(~2) 
in equation 3.1.6. which·reduces to 
du 
dy 
du1 = 0 dy 
= 
By similar reasoning, equation 3.1.8. reduces to 
(cC+ de 
dy = 
Q 
= ~=:--Ar Cp ., 
---3.1.10. 
-~-'<-! -3.1.11. 
The simplest solution of equations 3,1.10. and 3.1.11. for average or 
local heat transfer coefficient, which is also compatible with 
experit:nent over a reasonable range of Pr~dtl numbers (sui table to cover 
the range of investigation here) is ·that using the Von-Karman;·Martine1li 
analogy between momentum and heat transfer. (12) 
: .The analogy assumes a definite relationship to exist between 
EM and" EH' in its simplest form, it is assumed that EM = EH' The 
Von-Karman~Martinelli method further assumea that the boundary layer is 
made up of three distinct regions. 
Nearest the wall, a laminar sublayer is considered to exist in 
which the momentum and heat transfer are achieved on a molecular scale, 
(i.e. EM and EH are zero). This region is considercd to exist over the 
range 0 < y+ < 5 where y+ = [y y *] is the non dimensional distance from 
the wall surface, and v* is the so called friction velocity and is equal 
. to (fOfjC r 
Adjacent to the sublayer is a buffer region in which molecular and 
macroscopic eddy transfer are considered to be of equal importance 
(V; EM;oC and EH a1l of equal importance). This region is considered 
. to extend over 5 < y+ < 30. 
Finally, a fully developed turbulent core region is considered 
beyond y+ = 30. In this region, the effects of molecular transport are 
considered small in relation to.the macroscopic eddy transfer 
<V «EM; oC<'<EH)· 
The method for calculating heat transfer coefficient is semi-empirical 
in tha~ to solve equations 3.1.10. and 3.1.11., the velocity ~ as a 
function of y+ must be known, in the usual boundary layer notation, this 
i5:-
where u+ 
and, secondly, the relationship between EM and EH and u+ and y+ must be 
known. These two items of information are obtained from experimental 
observation. For tho case of steady incompressible pipe flow or flow 
over a flat surface this information is readily available. 
In the probloms under study here the main flow is affected by 
oscillation and the wall shear stress is increased. Therefore, any 
attempt at calculating the heat transfer coefficient using the 
Von~Karman-martinelli analogy would necessitate two sots of empirical 
information. 
An alternative approach to the problem of calculating heat transfer 
coefficient between a wall surface and a fluid, in the presence of 
OSCillation, is by the use of a Surface Renewal Model. (13) This type of 
model has found wide application in Chemical Engineering in the design 
of stirred reactors and fluidised beds, where,because the flow path is 
so complex, no attempt is made at defining this, but the average heat 
transfer is computed from determining the averaged effect of fluid mixing 
on ,it. 
3.2. The Danckwerts-Mickley Surface Renewal Model 
The concept of the surface renewal model Was first put 
forward by Higbie (14). However, this model made no allowance for 
the randomness of the mixing motion. Danckwerts (13) is generally 
credited with being the first to develop a renewal model which 
allowed for the randomness of the mixing process. A similar model 
to that of Danckwerts was put forward by Mickley (15) to account for 
4fiecto1 mixing on heat transfer in a fluidized bed. 
The physical model of Danckwerts and Mickley for the transfer 
of heat between a turbulent fluid motion and a wall surface is 
considered as follows:- Macroscopic "lumps" of fluid from the 
turbulent bulk or core of the fluid move randomly and at high 
frequency to the wall surface, exchange heat with it in a 
transient manner before being displaced by fresh fluid from the 
bulk region. 
In figure (3-1) one such lump is considered. The lump is at 
the temperature of the bulk fluid 800, which is assumed to be 
greater than that of the surface 80. 
FIGURE 3.1. 
Transfer of a fluid 
lump to the wall 
surface. 
Because of turbulent motion in the fluid, this lump is brought into 
contact with the boundary surface. This contact is transitOl·y, 
therefore unsteady conduction between the fluid "lump" and the surface 
takes place over a very short period of time. Because of the short 
contact time between the fluid and the surface, heat may be 
considered to have been transferred from a semi-infinite fluid mass 
at 8co which has been subjected to a step change in temperature 
to 80: 
Mathematically this involves solution of the one dimensional 
unsteady state heat conduction equation with suitable boundary 
condit ions. 
i~e. 1 06 ~26 
~ ()t = c57 -----;3.2.1. 
t :::: 0; 6 = 600 
t > 0; 6 = 60 at y = 0 
------:3.2.2. 
6 = 600 at y 
-
00 
Remembering that eoo and 60 are independent of t, the 
solution of equation 3.2.1. with boundary conditions 3.2.2. can 
be found in most texts on heat transfer. e.g. (16). 
The instantaneous heat flow at y = 0 from reference (16) is 
Qi = k A (600 - 60) r 11' cC t )'IZo ------3.2.2. 
The local instantaneous heat transfer coefficient is 
hi = Qi 
·----3.2.3. A(6co - 60) 
The object now is the relation of t in equaL ion 3.2.3. to the 
random mixin6 of the fluid. 
Danckwerts and Mickley consider the motion of the fluid contin-
ually replacing the older fluid lumps at the surface with fresh 
lumps from the fluid bulk - (the lumps at the surface are older in 
the sense that they have been in contact with the surface for a 
finite time). 
Because of the assumed steady flow conditions and the fact 
that the turbulent process is ~ompletely random, the rate of renewal 
of fluid lumps at the surface is a constant dependent only on the fluid 
mechanics and geometry of the particular situation, hence no 
correlation exists between the age of a fluid lump and its 
replacement - i.e. no preferential replacement of any particular 
age group. Therefore, the fractional rate of replacement or 
renewal of lumps belonging to any "age" group is defined by S 
! per unit area. 
If a fractional surface area-age distribution function ~t 
is defined, then, at time t, the area covered by lumps of age t 
will 'be A ~t. In the time interval dt, there will be a decrease 
in the fractional surface area covered because of displacement of 
some fluid lumps into the bulk fluid. This decrease of the 
fractional surface area with respect to time must be equal to the 
fractional rate of renewal of the surface from the bulk region. 
This may be expressed mathematically as 
- d~t A = S ~t A 3.2.4. 
dt 
Hence loge ~t = - St + CONSTANT 3.2.5. 
or ~t = (CONSTANT>e- St 3.2.6. 
From the definition of ~t, we know that 1:00 ~t.dt = 1 
, ( 00 [ -St] 00 Therefore Jo ~t .dt = -(CONSTANT) ~ 0 = 1 --3.2.7. 
and hence the CONSTANT from integration 3.2.5. is equal to S. 
• 
. . ~t = S .e -St 3.2.8. 
The local heat transfer coefficient at any pOint x on the surface 
will be due to lumps of all ages and will be given by 
3.2.9. 
substituting for hi and ~t from 3.2.3. and 3.2.8. respectively. 
the integral (" 00 
, Jo 
Therefore hx = 
-1. -St t 2 e . dt ____ _ 
t -! -St d+ 
. e -
'/, 
= r~] Dwight (17) 
The average coefficient over the whole surface Ao is 
ho = 1 
AD 
hx . dA 
3.2.10. 
3.2.11. 
• • 
s! . dA 
-----3.2.13 . 
Defining the area mean renewal coefficient over the area Ao 
as 
= 1 
Ao -----3.2.14. 
The average heat transfer coefficient over the surface is then 
ho -----:3.2.15. 
3.3. Assessment of the Assumptions in the Danckwerts-Mickley Model 
in the light of "Experiments 
The general concept of surface renewal - lumps of bulk fluid 
penetrating to the wall surface is consistent with the observations 
of Fage and Townend (18), Harratty (19), Bakewell and Lumley (20), 
Sherwood et al (21) and Kline et al (22). All these workers have 
studied the structure of the forced convective boundary layer on a 
flat surface. Locke and Trotter (23) from their study of the 
structure of the turbulent free convective boundary layer conclude 
that the assumption of a laminar sublayer is not valid. Therefore, 
adequate experimental evidence backs up the concept of renewal in 
the wall region. 
17. 
The assumption of a constant renewal rate S per unit area is 
consistent with continuity since if for assumed steady state conditions 
of flow) the time averaged rate 'of fluid arrivals and departures from 
the surface must be the same. This is in no way different to the 
traditional approach to turbulent boundary layer problems discussed 
in section 3.1. where it is assumed that the time average of the 
fluctuat.ing components is equal to zero, for example 
= o 
I 
I 
I 
I 
I 
I 
I 
~- --------------
The assumption of constant renewal rate S is also consistent with 
the detailed observations of the boundRry layer by Kline et al (22). 
These studies have shown that i.n the region of the wall, relatively 
large elements of low velocity fluid are violently ejected into the 
bulk flow where they break up and follow a pattern of decaying 
turbulence, the reason for this ejection is thought to be due to 
instability in the region of the boundary layer close to the wall. 
Highly energetic fluid from the turbulent bulk fluid moves towards 
the wall surface to replace the ejected elements. It is thought 
that the energy supplied by these elements contribute to the 
ejection of the slower elements from the wall region. 
Ruckenstein (24) in a study of the renewal model, states that 
the model due to Danckwerts considers the wall fluid elements to 
be static during contact, and if the wall fluid elements are in 
motion then consideration must be given to their deformation. 
Ruckenstein then presents a model which considers the bulk motion of 
the fluid bringing elements into contact with the wall surface, which 
then move in laminar flow over a short distance before moving into 
the bulk region. From this model, Ruckenstein concludes that for 
heat transfer at high Prandtl number Pr the Nusselt number Nu as a 
function of the Reynolds number Re and Pr for pipe flow is 
_____ 3.3.1. 
Equation 3.3.1. is in good agreement with experimental data for heat 
transfer at high Pr. (i.e. Pr > 20) from the correlation. of Kays (12). 
'l'hat this_~is_so can be seen from the fact that at high Pr the 
., thermal, boundary lay,,: is extremely thin, and the major part of 
the thermal gradient is confined to the viscous region near the 
wall. This in no way invalidates Danckwerts' model. Danckwerts (13), (25) 
. does not specifically mention that renewal elements at 'the wall are 
static. But, he does state that the renewal or mixing coefficient S is 
a function of the fluid mechanics and geometry. of the system under 
study. If sufficient is known about the flow situation or can 
reasonably be assumed about it, the possibility exists of defining the 
form of S analytically. This is, in effect, what Ruckenstein has 
done by confining attention to high Pr systems. 
Toor and Marchello (26) in the application of the 
Danckwerts renewal model to the problem of heat transfer in 
turbulent pipe flow show that So is given by 
-
So cC U 
D 
-------:3.3.2. 
where U is the mean flow velocity of the fluid through the pipe. 
In the problems under study here, concern is focussed on the 
::":'[;;';;:j":: :":':::::"o:',::·,:::~:,,;h:,':::::::o:·::::::, 
and of the momentum transfer due to this in the region of the wall. 
Because of the proportionality of v* with the mean flow 
velocity U, its use would give a better representation in 3.3.2. 
than U. 
Hence 
.. 
Sq cC v* ReO. 8 
D 
v* 
D 
------ 3.3.3. 
______ 3.3.4. 
For turbulent pipe flow with Re::; 100,000, v* can be obtained from 
reference (11) in the form 
v* = (0.0396)~ u~ y~ 
D~ 
------:3.3.5. 
or v* cC U~ Dt V yr D ----..,.---:3, 3.5. 
ho D ~ [~J! [Re] 0.838 . . k ------:3.3.6. 
or ho D [ ]0.838[. r.5 = Cl· Re PR k --'-----:3.3.7. 
Cl is a constant to be determined from experimental results. 
The McAdam correlation f( .' fully developed turbulent pipe 
flow (27) is: 
hoD 
k 
= 0.023 Re O•8 PR 0.4 _____ _ 3.3.8. 
3.3.8. is valid in the range 10,000 ~ Re :!5 120,000 
0.7 == PR !G 120 
The results from 3.3.7. and 3.3.8. are shown in figure 3.2. for 
. PR = 0.73 and Cl = 0.0162. Agreement of these results is to 
within 6%, a slight de vergence occuring at high Re. 
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Comparison between equation 3.3.7. and the 
McAdams correlation equation 3.3.8. 
Having established that the Danckwerts model can be applied 
to problems of turbulent heat transfer in pipes with an accuracy 
acceptable for most practical purposes, the next section will 
indicate how the method can be extended to turbulent pipe flow 
with superimposed combustion dri-,en acoustic oscillation. 
30. 
1 ) 
3.4. Application of the Danckwerts-Mickley Model for Heat Transfer in 
Fully Developed Turbulent Pipe Flow in the Presence of combustion 
Driven Acoustic Oscillation. 
From the earlier discussion of the photographic studies of 
Male et al (8) and Krieg (9), it was seen that the effect of 
oscillation was to cause greater mixing in the region of the wall. 
The problem here is to relate this increased mixing motion with 
recorded acoustic data. 
From the discussions immediately preceeding this section, 
it was noted that Kline et al (22) postulated that the mixing actj.on 
in the region of the wall was caused by energy supply fromth" 
bulk region fluid lumps. It was further noted in the last section 
that v*, the friction velocity, was important in characterising the 
intensity of the 
wall. Therefore 
turbulent eddying (mixing) in the vicinity of the 
~ should be of the order of magnitude of the 
~ c 
postulated by Kline et aI, because the highly energy supply 
energetic vI fluctuations give rise to a largo momentum flux 
which is equal to the opposing shear stress at the wall ~o, and 
we know that ~ 
'1 c 
= to. 
If from the experimental evidence of Male et al and Krieg, 
it,is considered that the effect of the combustion driven acoustic 
oscillation is to supplement the turbulent mixing motion in the 
wall region due to the bulk flow. 
Then, if the acoustic pressure is measured or can be 
calculated along the wall surface, the average energy density in 
the acoustic wave is:- (from Morse Bibliography (1) 
I 
C -------- 3.4.1. 
Details of the derivation of 3.4.1. are to be found in 
Appendix I(a). 
In terms of r.m.s. quantities, for an acoustic wave of 
sinusoidal form, equation 3.4.1. may be written as 
I 
C = 3.4.2. 
31. 
From the consideration that acoustic energy is supplementing the 
turbulent mixing motion in the wall region, and the hypothesis of 
Kline et aI, we have 
Total energy in wall region = f [ar . m•s . t.J] 2 + ff;2 
2 
= 
3.4.3. 
t [car •m. s ."'"') + '1*2 ] 
---3.4.4. 
lc 
A modified friction velocity \1** is now defined so that 
\1** 
= + 
_____ ,3.4.5. 
Now the mixing coefficient for a turbulent bulk flow in the 
presence of combustion driven acoustic oscillation Sv, by 
analogy with equation 3.3.3. for So will be 
SvoC . ** v 
D -----3.4.6. 
.Therefore the average heat transfer coefficient hv in the presence 
of combustion driven oscillations will be 
v** ReO•81! 
D -----3.4.7. 
From equations 3.3.4. and 3.4.7. one obtains the ratio 
hv 
ho ------3.4.8. 
The constants of proportionality in equations 3.3.4. and 3.4.7. 
must be the same and hence cancel out when 3.4.7. and 3.3J.are 
ratioed. If this were not so, hv would not tend to ho as 
(ar.m.s. W ) became small compared with V*, which is observed 
experimentally. 
3.5. Comparison and Discussion of Results predicted by Equation 3.4.8. 
with the ExperimentsofZartman. 
The experimental data of Zartman (10) for a burning length 
of 17k ins. was used for comparison with equation 3.4.8. The 
reasons for this were: 
(1) Zartman observed that the effects of chemical 
reaction due to combustion were effectively 
complete with the 172 in. burning length. 
(2) The turbulent flow at this length was fully 
developed. 
(3) lbe microphone used by Zartmrul for recording 
pressure was located just upstream of the flame 
holder. In this position, the sound pressure 
level recorded would have been approximately 
the same as that at the 172 in. position. 
The justification for the last statement is based on studies 
of transverse mode combustion driven acoustic oscillations in a 
6 in. burner tube carried out by the N. A. C. A. Lewis 
Laboratory (28). In this study the position of the flameholder was 
chrulged =d the effect of this was noted on the pressure variation 
along the wall of the chamber. The results of this 'study are shown 
in figure 3. 3. 
" 8 I ~ Itntjth, in, 8 
FIGURE 3.3. Variation of Acoustic Pressure along Combustion 
Chamber Wall. (Reference 28) 
33. 
It will be noted that with the microphone placed at a point 
just upstream of the flame holder baffle, the acoustic pressure 
at that point is approximately the same as that about 17-18 ins. 
downstream of the baffle. 
The evaluation of v* in equation 3.4.8. can be carried 
out by using the expression for v* for fully developed turbulent 
pipe flOW, from Schlichting (11), this is 
.* 
'v = (0.0396)! 
------:3.5.1. 
From Morse (Bibliography 1) (ar.m.s.G.» can be related to 
the sound pressure level; this derivation is shown in 
Appendix I(b). 
Hence 
= 
p 
r.m.s. _______ 3.5.2. 
Pr •m. s • is obtained from the definition of the (S.P.L.) db. scale 
relative to a reference pressure level Po. 
Where (S.P.L.) db. = 20 10glO [~o] 
r.m.s. 
3.5.3. 
All properties were evaluated on an average molal basis at 
the mean of the gas and wall temperatures at the same location at 
which heat transfer measurements were made. 
A sample calculation for Zartman' s data run number 20 ;.s 
carried through in detail in Appendix II. 
The comparison between Zartman's data and equation 3.4.8. is 
shown in figure 3.4. below. 
3/+. 
, 
'Q' 2·5 ....... 
tL 
I!! 2·0 
B 8 
.c ::r. 1'5 
...... ...... 
.c :c 
I 
LEAST SOUAA ES FI T 
""---LINEAR LAW a SLOP \. ~---~~ Vo-'"'toN-31 
'" 
.9-- -->-' 10-- ! 
~ --.---1---:::6- <;"-r:Ji ~ 
'·0 111 2 3 4 6 7 8910 20 
FIGURE 3.4. Comparison between Equation 3.4.8. and the 
Experimental Data of Zartman. (Reference 10) 
Discussion 
From figure 3.4. it is seen that equation 3.4.8. is a good 
representation of the experimental data points. The experimental 
data points are consistently above their predicted positions.' This 
is most probably due to the assumption of sound pressure level 
being equal at the recording point and that at l7! ins. from the 
baffle, the results in figure 3.4. indicate that the·recorded S.P.L. 
is slightly higher than at the '17! in. position. 
'!he consistency of the da~a relative to equation 3.4.8. 
indicates that the postulated model for mixing and heat transfer in 
the presence of combustion driven acoustic oscillations is a reasonable 
one. However, the validity of equation 3.4.8. is expected to break 
down as' the acoustic pressure waves steepen into shock fronts. 
The model is expected to hold for weak shock fronts - finite pressure 
waves - provided that in this case the pressure ratio across the 
shock is not large. The criterion for acceptable pressure ratio 
across the shock is that the wave propagation speed, 1(, should not 
differ appreciably from that of the sonic velocity in the 
undisturbed gas Cl. Bannister (29) obtained the following 
relation between wave propagation speed, sonic velocity in the 
undisturbed gas and the pressure ratio Plpl across the finite wave. 
1= 
pI is the pressure in the undisturbed gas. Note that when 
. plpl Z I as in acoustics then "" ~ Cl. 
The method discussed here does not enable the prediction of 
the critical sound pressure level, below which the effect of 
acoustic oscillation on heat transfer is negligible. However, the 
low increases in heat transfer predicted by equation 3.4.8. in the 
. 
region of the observed critical sound pressure level, would fall 
within the range of experimental error with normal combustion 
systems. 
Conclusions 
Using the Danckwerts-Mickley model for heat transfer in 
fully developed turbulent pipe flow, and interpreting the surface 
renewal or mixing coefficient S in the light of the observations 
and hypotheses of Kline et aI, Male et al and Krieg, concerning the 
wall exchange process, a suitable model has been set up for the 
calculation of heat transfer coefficient in the presence of 
combustion driven acoustic oscillation in a cylindrical gas air 
burner. This model shows good agreement with the experimental 
observations of Zartman. 
4.0. THE EFFECTS OF TRANSVERSE MECHANICAL 
OSCILLATIONS OF HEATED VERTICAL PLANE 
SURFACES IN FREE CONVECTION IN AIR. 
3S. 
4.1. Survey?· of Li tera ture 
The literature surveyed in this section is that associated with 
transverse mechanical oscillations of plane surfaces, because, this 
mode of oscillation is usually found in practice on large panel and box 
. structures. 
The open published literature on this subject is limited to three 
papers. The first by Shin" (20) who conducted an experimental investigation 
on the~fects of transverse mechanical oscillations on free convective 
heat transfer from an eight inch vertical plate. The second and third 
are those of Blankenship and Clark (:31) (:32) who carried out a combined 
analytical and experimental study of free convection from a heated 
vertical transversely vibrating plate to air. 
Shine (:30) used a plate eight inches tall by ten inches wide. 
Instrumentation for flow visualisation and temperature measurement 
included a Mach-Zender interferometer and an optical system for phase 
, discrimination! by which the dependence of heat transfer coefficient on 
the position of the plate in its oscillation cycle could be observed. 
Heat transfer coefficients were determined at constant heat flux, for 
wall temperatures ranging from 1310 to 2790 F. The amplitude and 
frequency of oscillation of the plate varied from 0 to 0.61 ins. and 11 
to 315 c/s. respectively. 
It was observed that below a certain critical oscj.llation intensity -
where intensity is the product of amplitude and frequency - there was no 
effect of oscillation on the boundary layer flow or on the heat transfer 
coefficient. At a critical intensity instability was observed in the 
form of a wave motion in the outer region of the boundary layer. The 
instability was observed to increase with increasing oscillation intensity 
above the critical. The heat transfer coefficient was observed to 
increase .. _ .. , with \> •.... ,;) oscillation intensity greater than the critical, 
the maximum increase being about 40% above the value for the oscillation 
free case. 
Indifference curves were plotted, these consisted of plots of 
oscillation frequency versus amplitude at the critical condition. 
Curves were plotted for two differing criteria for the critical condition, 
in the first case the data was plotted on the basis of the first 
observation.of wave motion in the boundary layer, in the second case the 
data was plotted on the observation of the first increase in heat 
transiJr coefficient above the oscillation free value. Both these 
methods yt~lded a critical intensity of oscillation of approximately 
1.0 ins e/s. 
No observable relationship between heat transfer coefficient 
and position of the plate in its oscillation cycle was noticed. 
The only data presented in any detail for computational 
purposes were those for the maximum plate temperature of approximately 
2790 F (GRL ~ 60 x 106 ). see figure (4-1) 
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Blankenship and Clark (:31) carried out a theoretical analysis 
of-;the above problem utilising a perturbation solution. '!he results 
of this analysis indicated an infinitesimal decrease in the heat 
transfer coefficient in the presence of oscillation. In an experimental 
investigation Blankenship and Clark (32) used a six inch square, 
• 
heated plate which was maintained at temperatures such that the 
Grashof number varied between 8 x 106 
Reynolds number defined as (awLly) 
and 21 x 106 • The vibration 
was varied between zerO and' 
abeut 8000. Flow visualisation studies were carried out by means 
of smoke filaments being introduced into the boundary layer. Heat 
t"ransfer data was recorded at constant heat flux, 
are shown in figure (4-2) 
Their results 
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Fig. 4-2 Variation of Nusselt Number with Vibration Reynolds Number 
Blankenship & Clark Ref. (32) 
The authors of this study observed that for intensities of 
oscillation below a critical value the heat transfer coefficient decreased 
by a negligible amount from the oscillation free ca5e the flow maintaining 
its laminar character, this was in accord with the perturbation solution. 
AboYe the critical intensity the heat transfer coefficient was observed 
to increase rapidly with intensity. Flow visualisation studies 
indicated a transition to turbulence when oscillation intensity was 
greater than the critical. It was noted that the instability originated 
in the outer region of the boundary layer and was propagated towards the 
surface. Instability was always observed to occur at the tup of the 
plate. Smoke studies were used to experimentally determine the conditions 
under which transition occurred and from this an indifference curve was 
plotted. The authors noted the difficulty in ascertainil).g _transition 
from heat transfer data alone. The increased heat transfer coefficient 
for intensities of oscillation greater than the critical were att~ibuted 
to the turbulence and greater mixing observed in the boundary layer. 
The findings of both groups of workers appear to be substantially the 
same, the very important point being the cause of earlier transition to 
turbulent flow brought about by the transverse oscillation of the plate 
surface. 
Because of the evidence of earlier transition to turbulence of the 
laminar free convective boundary layer on a transversely vibrating plane 
surface, it was decided to survey the literature on experimental 
investigations of transition of laminar free convective boundary 
layers on vertical surfaces, with the object of setting up a suitable 
physical model for the mixing coefficient, so that use of the 
Danckwerts-Mickley model could be extended to problems of vibration 
induced transition. 
5.0 SURVEY OF I.ITERATURE ON TRANSITION TO TURBULENCE OF FREE 
CONVECTION BOUNDARY LAYERS ON VERTICAL SURFACES 
4t2. 
-_ .. _-------------
q,l. Survey of Literature 
Early analytical studies of the stability of laminar forced 
convective flows indicated that the form of the velocity profile had a 
strong effect on the stability of the flow, Instability was associated 
with points of inflexion in the laminar boundary layer velocity profile, 
The laminar free convective boundary layer velocity profile shown in 
figure (5-1) below has such a point of inflexion in the outer region of 
the boundary layer, the velocity at this point is 0,683 • Vmax• (Ref.33) 
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Fig. 5-1 Laminar Free Convective Boundary Layer Volocity Profile 
Eckert and Soehnghen (33) conducted the first experiments to investigate 
the stability of the laminar free convective .boundary layer on a vertical 
heated plate in air. The flow in the boundary layer was visualised by 
means of a Mach-Zender interferometer. The height of the plate was 
36 ins and its temperature was maintained at 15 to 400F above ambient 
before allowing it to cool slowly in air. 
At a distance of 15 to 20 ins. from the leading edge occasional 
waves were observed in the outer region of the boundnry layer; the 
occurrence of these waves indicated the boundary layer flow had started 
to become unstable. The wave length (?\) of these fluctuations was 
determined as ). = 3.1~ where 6 is the boundary layer thickness defined 
in figure (5-1) above. The wave velocity corresponded closely to that 
in the laminar boundary layer at the point of inflexion. This is one 
of the conditions for instability used in the mathematical theory(ll),; '. It 
was observed that the disturbance within'the boundary layer which started 
,out with just one wave increased in duration as 'it travelled down stream 
by building more waves behind it. At the same time the amplitude of 
the waves increased in their downstream path until they began to roll up 
in the direction opposite to the flow. The velocity and temperature 
profiles were observed to maintain their laminar characte5 however/the 
average heat transfer coefficient was noted to be about 25% higher than 
for laminar flow. This being attributed to turbulent bursts, 
To study transition near the fully developed turbulent region, 
Eckert and Soehnghen used an enclosed electrically heated plate 36 ins. 
high at a temperature approximately 500F above the ambiellt gas which 
was Freon. Turbulence fluctuations at. high frequency were observed 
(with magnification) right up to the wall in agreement with forced 
turbulent flows. The scale of turbulence decreased towards the wall 
surface, in the inner region of the boundary layer the scale appeared 
approximately the same as those observed in forced convective flows. 
A later combined analytical and experimental study of the problem 
of laminar free convection boundary layer stability was carried out by 
Szcwczyk (34). His experiments were conducted in water with a heated 
plate 60 ins. high maintained at a temperature of s.bout 740 F. Flow 
visualisation was carried out by means of dye injection in the water. 
The experimental observations revealed a double row vortex system. 
Near the wall the dye streak was observed to roll up in a manner similar 
to that with forced convective flow i~e. inwards towards the wall. 
Whereas the dye streaks near the outer point of inflexion rolled outwards 
in the manner observed by Eckert and Soehnghen. The following conclusions 
were drawn by the author with regard to the experimental Observations. 
1. The instability due to the outer critical layer - in the 
region of the pOint of inflexion - is predominant and sets 
in first, well in advance of the onset of instability due 
to the inner layer near the wall. 
2. The outer layer vortices completely control the behaviour of 
the flow development and impress their effect onto the more 
stable inner layer near the surface, provoking its instability. 
The two papers discussed above show clearly that the instability 
originates in the region of the outer critical layer and is propaJated 
towards the wall surface. These observations agree closely with those 
of Blankenship and Clark (32), however the critical Grashof number of 
Eckert's experiment was approximately 4 x loB compared with Blankenship 
and Clark's' values of Grashof number of about 1.5 x 107• 
In the discussion of combustion driven acoustic oscillations a 
'model for the mixing coefficient was postulated from experimental flow 
visualisation and the resulting expressions for heat transfer tested 
against experiment. A similar method is to be developed in the 
following section utilising the experimental heat transfer measurements 
of Shine and Blar~enship and Clark to test the postulated mixing 
mechanism. 
- ----- ------c-
. 6.0 APPLICATION OF THE DANCKWERTS-MICKLEY MODEL FOR THE 
COMPUTATION OF THE HEAT TRANSFER COEFFICIENT FOR PLANE 
SURFACES IN FREE CONVECTION IN AIR UNDERGOING TRANSVERSE 
OSCILLATION 
6.0. Application of the Danckwerts-Mickley Model to Free Convection 
from a Plane Surface in Transverse Oscillation 
From the foregoing discussion of the literature on plane surfaces 
in air in free convection undergoing transverse oscillation, and of 
the instability and transition of laminar free convective boundary 
layers on vertical surfaces, it is apparent that the outer critical 
layer in the region of the pOint of inflexion of the laminar 
velocity profile is significant. From the earlier discussion in 
connection with the heat transfer in the presence of combustion 
driven oscillations, it was found that the postulated mechanism of 
vibration energy supplementing the friction energy in the turbulent 
boundary layer, to cause better· mixing, gave results which were in 
accord with experiment. The problem under discussion here is the 
prediction of the heat transfer coefficient for a plane surface in 
free convection in air undergoing transverse oscillation with an 
intensity greater than the critical. It is expected therefore that 
the mixing coefficient in the presence of oscillations Sv, will 
have the form 
s cC Vv 
v L 
n 
6.0.1. 
where Vv is a representative velocity, GRv is the Grashof nt~ber 
under oscillating conditions; and L is a characteristic length. 
Here it is assumed that the oscillation energy supplements the energy 
of the fluid in the critical layer to promote instability and 
transition to turbulence. Recall the hypothesis of Kline et al (22) 
in section 3.3. concerning energy supply to the viscous wall region 
causing instability in the flow in that region. 
Hence Vv · = «0.683 
2 
Vmax) + (ar.m.s.W) 2] ! 6.0.2. 
If it is assumed that, at the point of transition, oscillation does not 
supplement the energy of the boundary layer in any way, then Vv = 0.683 
Vmax . It is ·also known that at the point of transition hv = h o ' 
Therefore from equation 3.2.15, 6.0.1. and 6.0.2. and the above argument 
= (1 + 2.14 6.0.3. 
Vmax is the maximum velocity in the boundary layer and is evaluated 
at the top of the plate because transition is first observed at that 
point. From Schlicting (11) Vmax may be expressed in terms of the 
Grashof number and therength of the plat~ as 
6.0.4. 
From equations (6.0.3.) and (6.0.4.) and defining a vibration Reynolds 
number (Or.m.s.W L/)J) = Re vib 
hv 
ho 
= (1 + _7_._0_9_R_e_2_v!.:1.~-b 
~v 
6.0.5. 
Eqnation (6.0.5.) has been derived under the assumption that the 
temperature difference between the wall surface and the air are 
identical for oscillatory and non oscillatory conditions. The 
expe~imental data of Shine 00:) and Blankenship and Cl ark (32) were 
obtained under constant heat flux conditions. Therefore equation 
(6.0.5.) must be corrected for temperature difference before a 
comparison is made with the experimental data. Under constant heat 
flux conditions the temperature difference between the surface and air 
falls with the increasing heat transfer coefficient due to oscillation; 
therefore equation (6.0.5) is modified to 
hv = 
ho 
6.0.S. 
The comparison between equation (6.0.6.) and the e~perimental data of 
Shine and Blankenship and Clark is shown in figure (6-1). All 
properties were evaluated at the mean of the surface and ai;- temperatures. 
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Fig. 6-1 Comparison between Equation 6.0.6 and Data of Ref. (30), (32) 
Discussion 
, 
From figure (6-1) agreement is seen to exist between prediction 
and experimental results, though the range of Grashof number is seen 
to be somewhat limited. 
The lower limit of validity of equation (6.0.6.) will depend 
on the §rashof number in the absence of oscillation and on the 
critical vibration Reynolds number. The variation of Re2vib/GRo 
with GRo from the experimental observations of Shine and Blankenship 
and Cl ark is shown plotted in figure (6-2) • 
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The upper limit of validity of equation 6.0.6. would occur when 
vibration forced convection controls. The usual practice in 
problems of mixed forced and free convection (Kreith 35) is to 
assume that forced convection controls when the contribution of free 
convection is less than 10% of, the total heat transfer. In the 
problem under study here it is assumed that forced convection prevails 
when the heat transfer coefficient due to free convection at the 
centre of the vertical plate is 10% of the combined total, heat 
transfer coefficient due to forced and free convection at the same 
point. 
For free convection, the local coefficient of heat transfer 
at the centre of the plate hL/2' from Kreith (35) is 
6.0.7. 
\ 
For vibration forced convection, assuming laminar flow conditions 
hs at the staghation point at the centre of the plate, from 
Eckert (36) is 
6.0.8. 
Now, for forced convection to control 
= 0.1(hL/ 2 
. " = 9.0 = r aWLJ1!/ L y YO.214 
Hence = (9 x 0.214)4 x 0.5 = 
2 Re VIB 
GRo 
2 . 
Re VIB 6.0.9 . 
. . 
GRo 
./ 
. The range of experimental data,taken by Shine and Blankenship and 
Clark, did not permit verification of equation 6.0.9. 
However, Lowe (37) has conducted experiments with a horizontal 
cylinder in free convection in air carrying out large amplitude 
oscillations in a horizontal plane. These. experiments on average 
showed that forced convection occurred when. Re2VIB ~ BD. 
Using arguments similar to those above for· the flat plate but 
working with the horizontal cylinder geometry, the local free 
convection heat transfer coefficient at 900 from the bottom of the 
cylinder according to Hermann (3B) i$. 
6.0.10. 
The stagnation point heat transfer at 900 on the cylinder will 
correspond to that for the flat plate as given by equation 6.0.B. 
Therefore, for forced convective conditions to prevail, 
2 
Re VIa Z 76 6.0.11. 
GRD 
In view of the simplifying assumptions, including the neglect of 
turbulence, the agreement between 6.0.11. and Lowe's data is 
adequate. Hence the estimate obtained through 6.0.9. for 
vibrational induced forced convection would appear reasonable. 
The method of defining the mixing coefficient used here would 
not be expected to hold for GRo ~ 1.5 x loB as under these 
conditlions a turbulent boundary layer would exist on the stationary 
plate. In this case, a method similar to that used for combustion 
driven oscillations would be applicable. 
--
-5"/ . 
Conclusions 
The Danckwerts-Mickley model has been extended to account for 
vibrational induced turbulence in a free convective boundary layer 
over a vertical laterally vibrating plane surface. From the 
experimental observations of Eckert and Soehnghen, Szewezyk, 
Blankenship and Clark, and Shine, a model ~or the mixing coefficient 
S was developed which considered the vibrational energy of the 
plate to supplement the kinetic energy of the fluid in the outer 
critical region of the laminar velocity profile, thereby causing. 
transition to turbulence and increased fluid mixing. 
Agreement of the developed model with the experimental data 
of Shine and Blankenship and Clark is good. 
7.0 THE EFFECTS OF TRANSVERSE ACOUSTIC AND MECHANICAL 
OSCILLATIONS ON FREE CONVECTIVE HEAT TRANSFER FROM 
HEATED CYLINDERS TO AIR. 
: ... ~ 
53, 
't. O. '!he Problem 
'!he transverse oscillation of a circular cylinder in still air, 
or maintaining a stationary cylinder in a transverse acoustic field, 
causes a steady isothermal streaming motion of the'fluid to be set ~p 
about the body, termed Isothermal Streaming. '!he streaming motion has 
been shown by Westervelt (39) to be identical for both types of 
oscillation provided that for the acoustic oscillation the diameter 
is small compared with the wavelength of sound. '!his streaming 
motion results from the interaction between viscous forces and forces 
resulting from the Reynolds stresses set up by the oscillations in the 
fluid medium. 
In free convection from a heated stationary cylinder to a quiescent 
fluid medium, the convection flow is dependent on the interaction of 
buoyancy and viscous forces within the fluid. 
'!he problem under study here would therefore involve an inter-
action between the forces re suI ting in Isothermal Streaming and those ," 
associated with Free Convection. 
7.1. Isothermal Streaming 
Schlichting (11) published the first mathematical solution to the 
problem of isothermal streaming around a circular cylinder, which was 
in a transverse mode of oscillation in the horizontal plane. Working 
on the assumption that the amplitude to diameter ratio was much smaller 
than unity, and that the Reynolds number of the streaming flow CL2~/)/ 
was small, Schlichting used a method of successive approximation to 
solve the boundary layer equations for the flow. His solution 
predicted two regions of streaming in each quadrant. In a thin 
layer - the D.C. boundary layer ~ or inner layer - next to the D.C. 
cylinder, the streaming motion is 'along the horizontal diameter 
towards the cylinder, and away from it along the vertical diameter. 
In the outer region the streaming flow is towards the cylinder along 
the vertical diameter, and away from it along the horizontal 
diameter. '!his outer vortex system in the absence of confining walls 
extends to infinity. Schlichting carried out experiments to verify 
, his theory. '!hese experiments confirmed the theory qualitatively and 
, showed that in the presence of the confining walls of the apparatus 
the outer vortex system is finite in size. Th", results of 
Schlichting's theory and experiments are shown in figures (7-1) and 
(7-2) respectively. 
"'\, 
Fig. 7-1 Isothermal Strefu~ing about Fig. 7-2 Experimental Study of 
an Oscillating CYlinder Ref. (11) Ref. (11). Indicating Streaming 
Schlichting's analysis gives the following result for the steady 
streaming flow in the outer region. 
V (x, y) = 4 0.2", sin (it)· cos (*) [ i] 7.1.1. R 
where i = 3 +1,. exp-[ 2 /'J + 2 sin 7 exp - [?] 4 4 
+ 1 cos 7 exp -[ 7J -1 exp - (7 ] (cos 7 - sin 1] 7.1.2. 2 2 
where (> = y }~' 
West (40;) oscillated a cylinder of 0.077 cms diameter in air and 
water. He found that for low frequencies (3-4 c/s) streaming flow 
was very weak. 
flow increased. 
WHh increase of amplitude or frequency the streaming 
At a frequency of 550 c/s and amplitude < 0.04 cms, 
the Circulation around the cylinder was as shown in figure (7-3). 
However, an increase of amplitude to 0.045 ems. caused the streaming 
the 
pattern to change to that shown in figure (7-4), with I inner region 
!i.hrinkir}gto the vicinity of the wall of the cylinder, around it was a 
vigorous circulation in the opposite sense • Further increase in the 
. amplitude of oscillation caused the inner layer to become even smaller. 
Similar results were obtained by West for the case of a stationary 
• 
I 
\ 
\ 
oylinder with aooustio osoillations set up in the fluid by use of a 
J Kundts tube arrangement. 
Fig. 7-3 
f • !I~O CPI 
amplltude<0.040cm 
dlam!!er of 
.-cyllndtf· 0.077cm 
f. !llIO cps 
omplilud. > O.O~Ocm 
dlam.It,ol 
cy'indtr' 0.077cm 
Fig. 7-4 
Holtsmark et al (41) oonduoted an extensive theoretical and experi-
mental investigation of the problem of streaming past a cylinder which 
was located in an acoustic field. Their investigation involved the 
solution~ of the Navier- Stokes equations for the flow, under the 
assumption that the cylinder diameter was small in comparison with 
the half wavelength of sound. The results obtained by these 
workers also predicted an inner and outer streaming flow, but the 
inner region thickness - i, D. e. - was found to be dependent on the 
cylinder diameter and thicker than the D.e. layer predicted by 
Schlichting's theory, which showed 6D•C• to be indel'endent of 
diameter. 
experiment. 
Fig. (7-5) shows these results along with those from 
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Fig 7-5 Ref. (41) 
It will be noted that as the cylinder diameter increases the value 
of ~ . from experiment and Schlichting's theory approach each 
D.C. 
other closely. 
Raney et al (42) in a combined theoretical and experimental 
study· showed the dependence of b D. e. on the so called A. e. or 
acoustic boundary layer thickness <SA.e. (The A.e. boundnry layer 
thickness arises in the study of unsteady boundary layer problems, 
it is defined as ~ A. e. . = [Y I W )'/;? 
The experimental plot of ~ D.e./R versus RI SA.e. is sho~n in 
. figure (7-6), which is valid for aiR ~ 0.5. Under these 
conditions 8 D.e: is independen~ of CLIR, At higher values of 
Cl/R the inner streaming motion shrinks (as observed by West). It 
was found that the region 5 ~ RI8 A. e, ~ 12 was a transiti:.ln 
regime from inner streaming in the D.e. layer to outer streaming. 
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Fig. 7-6 Ref. (42) 
From the foregoing discussion it is seen that West's result~ for 
oscillations with amplitude ~ 0.04 cm at 550 cls is a case of 
predominantly inner streaming. Increasing the amplitude so that 
a./R > 0.5 caused a shrinkage of the inner streaming motion and a 
prominent outer streaming flow. Schlichting's results fall in the 
outer streaming category. 
Stuart (43) in a m~thematical study of the problem pointed out 
that Schlichting's theory was valid only for low streaming Reynolds 
58. 
numbers. He suggested that when the streaming Reynolds number is large 
an outer boundary layer is formed over the D.C. layer • In this layer 
. the outer ·streaming velocity gradually reduces to zero at the edge 
furthermost from the cylinder. This layer of thickness So has the 
magnitude Q. S A. C.' since the D. C. layer is thinner than ~ A. C.; 
a.a So ~ is D.C. but· 8 0 < D. Stuart's analysis was based on 
the assumption of small ·'l/D and small diameter to wavelength ratio. 
The theory was considered to be in qualitative agreement with Schlichtillg's 
experi1l'.ents. 
Sunnnary 
1. Acoustic and Mechanical oscillation produce the same streaming 
flow provided the cylinder diameter is small compared with 
the wavelength of sound, and ~ 
D 
« .3 Stuart (43). 
2. Oscillation produces streaming in two regions a D.C. region 
near the cylinder surface and counter rotating outer streaming 
further away from the cylinder, 
3. For CL/a ~ 0.5 small diameter cylinders -such "as··wires give a 
predominantly inner streaming flow, as diameter increases 
shift from inner to outer streaming flow, inner streaming 
flow shrinks towards cylinder surface. 
4. Shrinkage of inner D.C, layer produces vigorous chaotic motion 
near the wall region -.which has been likened by some to 
turbulence. 
5. For CL/a ~0.5 flow is predominately outer streaming. 
7.2. Free Convection from a heated horizontal cylinder to air 
The first theoretical study of this problem was that of Hermann 
(38) who studied the problem of free convection from horizontal 
cylinders to diatomic gases. He.rmann applied boundary layer theory 
to the solution of the problem to obtain an expression for the 
average heat transfer coefficient, Expressions were also obtained 
for local details such as the temperature distribution and the velocity 
distribution at any azim~thal position. Hermann also carried out an 
extensive comparison of the theoretical results with experiment, the 
agreement being good. 
estimated by Hermann to 
The validity of the boundary layer analysis 
between 
hold for Grashof Number/l04 and 108, 
was 
The universal velocity profile for the cylindrical geometry is 
similar to that for the flat plate case discussed earlier, with the 
point of inflexion in the outer region of the boundary layer occurring 
at 0.683 Vmax. Hermann obtained the following expressionbr Vmax based 
on Grashof number evaluated with the cylinder diameter. 
= 0.725 
" 2 ' 
f(x)g(x) 
where f(x)g(x) is the product of two azimuthal f~ctions and is shown 
plotted in figure (7-7). Zero being the lower and 1800 the upper 
stagnation points on the cylinder. 
i 
Fig. 7-7 f(x)g(x) versus angular position Hermann Ref. (38) 
7.3. Free Convection from heated horizontal cylinders in air in 
the presence of acoastic or mechanical oscillation 
In this section only those papers relating to free convection 
from cylinders in air will be discussed. The problem of heat 
transfer from wires will not be discussed - i.e. problems where 
the inner streaming is of importance. 
Kubanskii (44) appears to have been the first investigator to 
study the effects of acoustic oscillation on free convection from 
heated horizontal cylinders in air. In his experimental study, 
he arranged for the sound field to be parallel to the axis of the 
~o. 
cylinder which was 2.4 cm in diameter. In a subsequent theoretical 
study of this problem Kubanskll made the assumption that the effect 
of sound and natural convection upon the Nusselt number were 
additive, good agreement was obtained between theory and experiment. 
Kubanskiiverified the validity of his assumption by a flow 
visualisation study which showe~ that the free convective flow field 
was distorted by the acoustic streaming flow. 
Fand and Kaye (45) carried out an extensive experimental 
investigation of the influence of transverse. acoustic oscillations 
upon free convection from a horizontal ~ ins. diameter cylinder in 
air. The sound field was in a horizontal plane, and the acoustic 
system tuned to produce a. stationary field, the cylinder was located 
at a velocity antinode. 
covered were: 
The rl'."lge of experimental variables 
I 
1100 ~ f:s 6120 c/s; o ::: 69 ~ 2500F 
o ::; S.P.L. ~ 151 db; 
Tbe experimental data showed that a critical sound pressure level 
existed below· which the influence of sound was negligible, and above 
which the rate of heat transfer was increased by sound (Critical. 
S.P.L. ~ 140 db). The data also showed that for sound waves with 
the ratio, half wavelength to cylinder diameter ~ 6.0 the heat 
transfer coefficient was a function of the temperature difference 
between the cylinder and the air, and of the intensity of oscillation, 
where the intensity of oscillation is defined as the product of 
amplitude and frequency (af). Their experimental results are 
shown in figure (7-8) for cases where the ratio half wavelength to 
diameter ~ 6. O. 
all frequencies. 
The form of the curves shown are typical for 
It should be noted that extrapolated data to 
4000 F are shown in this figure. 
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Fig. 7-8 The Influence of Sound on Free Convection Heat Transfer 
From a Horizontal Cylinder Fand and Kaye Ref. (45). 
In order to gain an inSight into the physical mec4anism ~ which 
caused the rate of heat transfer to increase in the presence of 
sound Fand and Kaye (46) performed flow visualisation studies, using 
smeke as the indicating medium. These tests were carried out with 
20 ~ 66 ~ 2500F; 1100 4 f ..::: 4872 C/s; 0 ~ S.P.L. =: 151 db. 
Working with constant frequencies and increasing the sound intensity, 
a critical sound intensity was noted at which a streaming motion 
be;.an to develop, this established itself at a higher intensity, and 
consisted of the periodic growth and collapse of two vortices centred 
in the· two quadrants above the cylinder. The growth and collapse 
I 
·62. 
of the vortices alternated between each quadrant, the sense of 
rotation of the vortices being towards the cylinder along the vertical 
diameter and away from it along the horizontal diameter. Further 
increases in intensity caused the vortices to increase in size, but 
the basic character of the flow remained unaltered. It was found 
that with the ratio of half wavelength to diameter of cylinder 
~ 6.0 the development and size of the vortices were independent 
of frequency of oscillation, for this ratio less than six and a 
constant oscillation intensity, it was found that the.vortices 
decreased in size with increase in frequency. 
The phlmomenon of alternate growth and collapse of vortices 
was termed "Thermo-acoustic Streaming" by the Authors. 
For the half wavelength to diameter ratio ~ 6.0 Fand and Kaye 
found that the oscillation, intensity for fully developed thermo-
acoustic streaming was af = 0.71 ft/sec (or S.P.L. = 146 db). 
For .af ~ 0,71 ft/sec A a L. 400~. Fand and Kaye found the 
heat transfer coefficient to have the form 
hv = 0.722 [Aa (af )2F] 1/3 
where F is a geometrical weighting factor, such that the product 
(af)2F is proportional to the mean kinetic energy density in the 
standing wave averaged over the diameter of the test cylinder, for 
large values of half wavelength to diameter ratio F~ 1.0. 
Fand et al (47) carried out a further experimental test for 
conditions wlder which equation (7.3.1.) was valid; to determine 
the variation of local heat transfer coefficient about the cylinder. 
Results were obtained for only a single set of conditionE which 
were:- Aa = f = 1500 c/s; S.P.L. = 146 db. the 
results of this test are shown in figure (7-9) 
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Fig. 7-9 Local Heat Transfer 
Coefficient Around a Heated 
Horizontal Cylinder with and 
without Oscillation. 
Fand et al Ref. (47) 
Figure (7-9) shows that the effect of acoustic oscillation with 
"thermoacoustic streaming" is to produce large increases on both 
upper and lower surfaces of the cylinder. , Free convective results 
in absence of acoustic oscillation are shovm for the sake of 
comparison. The increases on the upper surface are attributed to 
"thermoacoustic streaming" while. that on the lower surface is 
attributed to changes in the laminar boundary layer temperature 
profile because of unsteadiness induced in the boundary layer. 
Fand and Peebles «48) have shown by an experiment conducted 
f with a ~ ins. diameterh9aredhorizontal cylinder subjected to 
mechanical oscillations in a horizontal plane, that equation (7.3.1.) 
is valid over a wide range of frequenc~The results of these tests 
are shown in figure (7-10). 
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Fig. 7-10 Comparison of the 
Effects of.Mechanical and 
Acoustic. oscillations 
in a Horizontal Plane on Free 
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Flow visualisation studies carried out for this series of tests, 
revealed a flolv field closely resembling thermoacoustic streaming. 
These tests showed that with the effect of free convection 
superimposed on that of streaming; the flow field and average heat 
transfer for mechanical oscillations and acoustic oscillations in 
which the halfwavelength to diameter ratio; ~ 6.0 are the same 
in either case. 
The same apparatus as above was used by Fand and Kaye (49) 
to study the effects of mechanical oscillations in the vertical pl~~ne 
on free convection to air. The range of experimental variables 
covered in these tests were: 54 ~ f ~ 225 c/s. 25 ~ Aa ~ l850 p; 
o ~ a ::: 0.16 ins; 0 ~af ~ 1,22ft/sec. 
These experiments revealed that intensity and temperature 
difference were the two controlling variables. For intensities of 
vibration less than 0.3 ft/sec, the influence of oscillation was 
negligible. Above this "critical" intensity the effect cf 
oscillation was to increase the average heat transfer coefficient 
significantly. Experimental results are shown in figure (7=11) 
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Fig. 7-1~ Effect of Mechanical Oscillations in the Vertical Plane 
on free Convection from a Cylinder Ref. (49). 
Flow visualisation indicated that the flow mechanism which caused 
the increases in average heat transfer coefficient was vibrationally 
induced turbulence. However, the authors are not explicit in 
discussing the development of the turbulence with increasing 
intensity of oscillation above the critical intensity. This type 
of flow was considered to differ radically from"thermoacoustic 
streaming". In the experimental region defined by A e ~ lOOoF 
and ~f ~ 0.9 ft/sec the following empirical equation was 
developed for the heat transfer coefficient. 
1------------------
_. -----C--.,--:c~,_,,_=_:::_-:_::_:__::_====-_,__-=C______,L. 
hv = 0.847 • [A~ ] 0.2 af (7.3.2.) 
It was suggested that the vibration intensity af = 0.9 ft/sec 
corresponded to fully developed turbulent flow in the neighbourhood 
of the cylinder. 
Westervelt (50) put.forward a suggestion that the effect of 
acoustic oscillation on heat transfer was mainly the result of 
modification of the D.e. layer, which occurs when the amplitude of 
acoustic oscillation exceeds in magnitude ~A.e. Westervelt argued 
that the collapse of the inner layer and the vigorous and chaotic 
motion close to the wall region causes the increase in the observed 
heat transfer. By using (>~ 
OA.C. 
~ 1 as the criterion for the 
increase in heat transfer, Westervelt was able to obtain an expression 
for critical acoustic intensity as a function of frequency. This 
expression predicted values of critical intensity close to those 
obtained by.Fand and Kaye (45) in their experiments. 
Lowe (37) in his thesis reviewed the work of Fand and his 
co-workers, and extended the range of experiments with mechanical 
oscillations by working in the frequency range of 27 to 54 e/s. with 
horizontal oscillations and at 29 and 46.8 c/s with vertical 
65. 
oscillations. These experiments were conducted with a 5/8 in. dia, .. eter 
cylinder with vibration amplitude varying from 0-0.325 ins. for both 
directions of oscillation and temperature differences in the range. 
An interesting feature of this work was that the 
author obtained a correlation for his data in terms of a shown 
l)A.e. 
in figure (7-12). Lowe found that the effect of oscillation in either 
plane on heat transfer was negligible when a ~ 10.0. 
~c. 
His 
results also displayed an effect of frequency on the heat transfer 
coefficient. The low frequencies producing larger values of heat 
transfer coefficient for the same value of Vibration Reynolds number, 
(where Vibration Reynolds number is equal to ~a f D which for 
Y 
constant temperature difference is.proportional to the intensity of 
oscillation) • 
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Fig. 7-12 The Effect of Mechanical Oscillation in the Vertical and 
Horizontal Plane on Free Convection from a CYlinder. Ref (37). 
Heat transfer rates with horizontal oscillations were slightly 
higher than those 'with vertical oscillation at the same conditions of 
temperature difference and oscillation intensity. 
For horizontal oscillations a smoke study revealed a 
"thermoacoustic streamirig" system as with the experiments of Fand 
and Kaye. The smoke study with vertical oscillations revealed 
67. 
"vibration induced turbulencett • Instability in the flow was : 
first observed at the top of the cylinder at the critical oscillation 
intensity corresponding to a = 10. 
&:":c. 
With further increase 
of oscillation intensity the instability developed to turbulence 
which moved upstream towards the bottom of the cylinder, until at 
high intensities of oscillation afully turbulent field surrOlmded 
the oscillating cylinder. For values of just below the 
critical' value of 10; a slight decrease of the average heat transfer 
·coefficient compared with that for free convection was noted, this 
amounted to about 3 - 4 %. 
For Mc > 16 the author obtained the correlation 
aA.C. 
NuV = 0.146 7.3.3. 
In the region where oscillation and free convective effects are 
both significant - in the range 12 {. air> :::: 16, 
OA.C. 
Lowe obtained the correlation • 
~ 
ho 
0.31 [a I SA.C.l 
(GJt PR)! 
3/2 
= 7.3.4. 
Richardson (.51) correlated the work of Fand and Kaye C45) in 
the frequency range 1100 1f f ~ 3378 cls with 50 f: Aa ~ l50oF. The 
results were correlated in terms of a Reynolds number based on the 
streaming velocity and the cylinder diameter, a correCt.ion . on the 
Nusselt number was incorporated to allow for low Grashof number. 
The correlation had the form 
= Nu 
where B is a function of GJt and f 
The final correlation had the form 
7.3.5. 
Nc = 0.372 [1 + 29 G (a f)4] ! 7.3.6 
1/10 
where G = [1 + (49)10 (1 - F)lO] where F is the weighting 
factor defined by Fand and Kaye (45). 
... ~ .. 
I 
In a later paper Lee and Ri chards on (52) discussed some 
experiments with free convection from a heated ~ ins. dia~ horizontal 
cylinder located at a velocity antinode of a transverse standing sound 
field in the horizontal plane. 
672 and 645 c/s and .6. e ':::: 
These experiments were conducted at 
The object was to obtain 
information at frequencies between the 104 and 1101 cls data of Fand 
and his co-workers. Lee and Richardson correlated their data· with 
that of Fand and Peebles (48) for 104 cls mechanical oscillations, 
using a correlation equation of the same form as equation (7.3.5.). 
Flow visualisation studies with a modified Schlieren system showed 
that before the critical intensity was reached an appreciable change 
in local effects.occurred. These cancelled each other out so as to 
give approximately constant values of average heat transfer coefficient. 
Their results showed that above 135 db sound intensity the convective 
plume above the cylinder was split and moved progressively down towards 
the horizontal diameter with increasing intensity. It was this 
elimination of the regions of reduced heat transfer at the top of the 
cylinder that contributed to increases in heat transfer along with 
increases noted because of changes in the boundary layer over the 
lower portion of the cylinder, which were discussed by Fand and Kaye 
(d6). The authors suggested that the modification of the flow pattern 
is qualitatively consistent with a superposition of the acoustic 
streaming field and that due to free convection. 
Richardson (53) described some exploratory experiments 
conducted with free convection from a heated 1.83 ins. diameter 
horizontal cylinder located in a standing sound field in the vertical 
plane. Flow visualisation was conducted with a modified Schlieren 
system. The main conclusions of this paper are:-
(l) Local changes in heat transfer were observed that were 
about 5 times the average heat transfer; these local 
changes occurred at sound intensities below those at which 
any changes in average heat transfer were noted. 111e nett 
effect of these local changes was to cancel each other out 
and leave no change in the average heat transfer • 
. (2) When local effects developed initially, they had the 
opposite directions at the same azimuthal pOSitions for 
vertical and horizontal acoustic propagation. 
l\ .. ~ 
-(3) With sufficiently intense vertical sound fields, the 
boundary layer on the bottom of the cylinder thicEens , 
becomes unstable and finally bubbles up repeatedly into 
the top convective plume. The initial thickening of 
the boundary layer causes a decrease in the average heat 
transfer coefficient of about 3 - 20%. 
(4) The distribution ef initial local effects is qualitatively 
consistent with the superposition of isothermal acoustic 
streaming on the free convective flow. 
, 
The interesting observation here is the drop in average heat 
transfer coefficient prior to the bubbling motion. This is in 
accord with Lowe's observations. With the smoke visualisation 
used by Lowe the bubbling motion into the convective plume appeared 
-as an instability at the top of the cylinder. 
_ Richardson (54) carried out an extensive classification and 
theoretical study of the problem of acoustic and mechanical oscillatio~s 
on free convection from a heated horizontal cylinder. Figure 
(7-13) is the classification according to Richardson for experiments 
with air; the area covered by Lowe's experiments have been included 
in this diagram. This classification could be made from the work 
of Raney et al (42). 
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Fig. 7-13 Classification of Work on Free Convection in the Presence 
of Oscillation. Richardson Ref. (54). 
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The theoretical study carried out by Richardson involved 
obtaining asymptotic solutions to the problem of free convection 
from cylinders in the presence of transverse oscillations as the 
Grashof Number GR ~ O. 
The outer streaming flow case will be considered here since 
it is the problem under study. Richardson considered two cases of 
outer streaming. The first with small streaming Reynolds number; 
utilised the results of Schlichting's (11) boundary layer analysis 
to describe the velocity field when GR _ O. The second case was 
, 
that for large streaming Reynolds numbers, which utilised Stuarts 
analysis (43) to describe the velocity field asGR- O. To 
account for thermal transport Richardson considered the two further 
asymptotic solutions as Prandtl number PR~ 0 and PR ~ 00; 
from order of magnitude considerations from the Energy Equation and 
the Navier - Stokes equations it may be shown that the ratio of the 
thermal boundary layer thictness CS~_ to the hydrodynamic boundary 
layer thickness is equal tO~R 1, it is expected that a similar 
relationship between the hydrodynamic boundary layer and thermal 
boundary layer exists in streaming flow. The characteristic 
hydrodynamic boundary layer thickness in an unsteady flow. is S A.C. 
hence 
= 
In the limit as PR ~ 0 we see that cS T >?' bA. C. the above 
equation (7.3.7.) is valid for the case of small streaming Reynolds 
number, therefore Schlichting's results from boundary layer analysis 
hold. Using techniques appropriate to PR = 0 for the conduction 
thickness k/h and Schlichting's results for the flow field, 
Richardson obtained an expression for the local heat transfer 
coefficient which gave a "figure of eight" distribution (recall 
,-J 
ficure (7-9». This figure of eight is rotated through 11/2 when 
the direction of oscillation is changed from the horizontal to the 
vertical plane. The. average coefficient of heat transfer for 
either plane of oscillation was found to be 
Nu 
= 1.76 7.3.8. 
7/. 
where Res is the streaming Reynolds ntLmber a. 2 W The analysis 
Y 
for outer streaming for Pn ~ ° neglects all details of the D, C. 
boundary layer. However, as the streaming Reynolds numb~r increases 
and h increases the conduction thickness is reduced, and more 
resistance to thermal transport is offered by the D.C. layer. 
Richardson corrected for this effect by considering the thermal 
resistances of the D.e. layer and the conduction thickness to be in 
series. He found that for cases where PR is small - as for air 
the correction factor would be small. 
For the case of outer streaming at large Reynolds numbers 
Richardson used the results of Stuart for the velocity field to obtain 
the following expression as the upper limit for heat transfer when the 
streaming Reynolds number is large and PR = 0.72 
Nu R [1 + 0,95 ~ 1/ROSC l3!] ! Pn! = 0.484 7.3.9. 
where Rose a (J D 
/X)J = , 
Re-arranging (7.3.9.) in terms of the streaming Reynolds number Res. 
_N_u __ =c-_l __ +__ o._9_5 ___ -=-til = 1.185 7.3.10. 
Re! 
S • 
Richardson compared the available experimental results with predictionj 
this was carried out by plotting th", left hand side of equations 
(7.3.8.) and (7.3.9.) against GR/R 2 and extrapolating to a zero 
e osc 
value of GR/Re2 ,to see if the intercept on the ordinate 
osc 
corresponded to the numerical value on the right hand side of these 
equations. Good agreement was found for the low streaming Reynolds 
number case, but for the large Reynolds number case the experimental 
data extrapolated about 30 - 40%" below the value of 0.484 predicted 
7'-. 
by equation (7.3.9.), for oscillation frequencies of the order of 50 c/s. 
TD account for the effects of combined free convection and 
streaming Richardson assumed a simple superposition to exist as a 
first order initial influence effect, however, comparison with 
experiment did not show close agreement. The analysis showed that 
at small values of the parameter ~= 4 ResiGn! the heat transfer 
is a linear function of C:. The final topic of importance 
here which was discussed by Richardson concered separation. 
~-~~"~~--~~--~~~--~----~----~--~----~~~~~~-=----------------------~----~-c~ 
I " .,' 
I 
He found separation for the horizontal oscillation case to first 
occur around 1350 ; this was obtained by matching the velocities from 
the acoustic field with those for the convective field at the same 
distance from the cylinder. The result of 1350 has been observed 
to be in approximate agreement with experiment. For the ca"e of 
vertical o"cillation it was concluded that a recirculating flow 
between 00 and 450 occurred this was deduced from experimental results. 
Swnmary': 
An important feature of the work "urveyed is the complementary 
nature of the results with acoustic and mechanical oscillation, for 
either plane of oscillation. 
The results of Fand and Kaye (45) and Lee fuld Richardson (52) 
with horizontal acoustic oscillations and those of Fand and Peebles 
(48) and Lowe (37) with horizontal mechanical oscillations all 
displayed the same basic flow mechanism above the critical intensity. 
Fand and Kaye's (45) experiments with acoustic oscillatiorr,with the 
half wavelength to diameter ratio ~'6 show a strong effect of 
frequency (or wavelength). The effect of frequency was also noted 
in the low frequency oscillations of Lowe. 
The visual observations of Richardson (53) and Lowe (37) for 
acoustic and mechanical oscillations in the vertical plane, show 
73. 
again the results being complementary as for the horizontal oscillations; 
more important, the results show that beyond the critical condition 
turbulence develops on the upper half of the cylinder. If ,it is 
recalled that for horizontal oscillations the large disturbance to 
flow-was initiated on the upper half of the cylinder, the possibility 
exists of setting up a common analysis to calculate average heat 
transfer from a cylinder in the presence of OSCillation. Further 
strength to this argument is given by Lowe's observations that there 
was little difference in the ave.age heat transfer coefficients when 
the plane of oscillation was either vertical or horizontal. 
7.4, Discussion 
In attempting the problem of predicting the heat transfer 
from a heated cylinder in free convection in the presence of acoustic 
or mechanical oscillation, where the plane of oscillation is either 
horizontal or vertical, and' the intenSity such that conditions of 
ful~y developed turbulence 0lrvortex streaming exist. A common 
analysis cannot be made by trying to specify local conditions of the 
:-~ :-. 
" 
temperature and flow fields and by integrating these obtain the 
desired average effect. This fails because the details of the 
flow vary for each case - other than for the asymptotic case as 
Ga~O discussed by Richardson (54). 
An analysis of local conditions for each plane of oscillation 
could be attempted; but,as pOinted out by Richardson (54), it is 
unlikely that a satisfactory analysis can be made, other than in 
the initial influence case. 
Here the approach to be adopted is semi-empirical, in that 
from observed facts certain parameters will be chosen to characterise 
the flOW, such as certain velocities and lengths. A mixing 
mechanism will be postulated and,from this,an expression for average 
heat transfer set up. The hypothesis will then be tested against 
experiments discussed in this section. 
J ....... _,>... 
8.0, . APPJ4ICATION OF THE DANCKWERTS MICKLEY MODEL FOR THE 
COMPUTATION OF HEAT TRANSFER COEFFICIENT FOR HORIZONTAL 
CYLINDERS IN FREE CONVECTION IN AIR IN THE PRESENCE 
OF ACOUSTIC OR MECHANICAL OSCILLATIONS 
---~---------
8.1. The Mixing Model 
The experimental observations of Fand and his co-workers 
(45-49) on free convection from heated horizontal cylinders in 
air, which are subjected to mechanical or acoustic oscillation in 
a horizontal plane, show that, provided the ratio half wavelength 
to cylinder diameter I\. ~ 6.0 for acoustic waves, the average 
2D 
heat transfer coefficient and basic flow pattern - vortex growth 
76. 
and collapse - are dependent only on the intensity of the oscillation 
for a given temperature difference between the cylinder and air. 
The basic flow pattern was further corroborated by the experiments 
of Lowe (37). 
For the case of free convection in air from heated horizontal 
cylinders, subjected to mechanical or acoustic oscillation in a 
vertical plane, the observations of Richardson (53) and Lowe (37) 
for average heat transfer coefficient and flow field are similar. 
Richardson's experiments were carried out in an acoustic field with 
?\ ~ 6.0. The flow instability observed by Richardson and Lowe 
2D 
originated in the wake region on top of the cylinder. Lowe observed 
that the disturbance moved upstream with increase in oscillation 
intensity, and finally developed to turbulence .about the cylinder. 
Lowe (37) also found,that, despite the differing flow fields, there 
was little difference in the average heat transfer coefficient for 
oscillation in either horizontal or vertical plane. It was seen 
from the literature survey in the previous section, that it was 
the destruction of the region of low heat transfer coefficient on 
the top of the cylinder that was the major contributor to the 
increased average heat transfer coefficient. Because for both 
horizontal and vertical modes of oscillation, the increased mixing 
in the region of the upper surface of the cylinder causes increased 
heat transfer, and because Lowe's results for average heat transfer 
show little dependence on the plane of oscillation, the possibility 
exists of setting up a common method to calculate the average heat 
transfer coefficient for either plane of oscillation. Further 
support to this is given by the conclusions of Lee and Richardson (52) 
and Richardson (53) drawn from flow visualisation. They conclude 
that,for horizontal and vertical modes of oscillation, the flow 
field is qualitatively consistent with a ·superposition of the 
streaming and convective flows about the cylinder. 
In attempting a common method of calculating the heat 
transfer coefficient,an analysis cannot be made by specifying 
local conditions of flow, and,by integrating these, obtain an 
averaged effect. This is so because local conditions are 
different for each plane of oscillation. However, a semi-empirical 
approach can be adopted whereby, from observed data, variables can 
be chosen which characterise the flow and mixing behaviour in the 
boundary layer. A mixing mechanism can be postulated to account 
for increased mixing in the boundary layer due to oscillation, and 
from this the average heat transfer coefficient calculated and 
checked against experiment. 
In the problem under study here, the mixing is induced by the 
streaming flow interacting with the laminar free convective flow 
field, to produce transition type of instability·. 
In section 5.0. it was found that transition instability in 
the laminar free convective boundary layer originated in the region 
of the outer point of inflexion in the laminar velocity profile. 
It would appear reasonable therefore to expect the instability 
arising from the interaction of the streaming and free convective 
flow fields to occur in this region. 
71 
It was pointed out earlier that the greater part of the increased 
mixing and heat transfer due to oscillation occured on the upper 
surface of the cylinder. From Hermann's analysis (38) of the laminar 
free convective flow of gases over a horizontal cylinder, it is 
known that decceleration of the flow commences at a point 
approximately 1350 from the lower stagnation point on the cylinder. 
The tendency to separation and vortex formation in the deccelerating 
flow over a cylinder, and the instability in the outer critical 
layer discussed above, make tlie choice of the point of interaction 
between the streaming and the free convective flow, at the outer 
inflexion point in the laminar velocity profile, 1350 from the 
lower stagnation pOint, appear quite reasonable. 
Because of the observed interaction between the streaming and 
free convective fields, it is assumed that the energy of the 
streaming flow supplements the energy of the free convective flow in 
the critical region of the lam~nar velocity profile. 
Hence 
= ( V
2 
INFLEXION + V
2 
STREAMINJ 
"J@1350 
From Hermann (38) 
VINFLEXION 
@ 1350 
The streaming velocity VSTREAMING is evaluated from 
equation 7.1.1., the value of (' being that corresponding to the 
outer critical layer of the laminar velocity profile. At this 
value of 7 ' the value of VSTREAMING is similar to that at 2 ...",. 00, which is 
VSTREAMING (x) = 
For ~ corresponding to 1350 
R 
VSTREAMING 
@ 1350 
= .± 
3 a2~ sin x cos x 
R R R 
The positive sign indicates direction of fluid motion for a 
horizontal mode of oscillation and the negative sign, fluid motion 
for a vertical oscillation mode. 
Making appropriate substitutions from 8.1.2. and 8.1.4. in 
8.1.1. results in 
78. 
8.1.1. 
8.1.2. 
8.1.3. 
8.1.4. 
8.1. 5. 
In the presence of oscillation ;mdfree convection, where there has 
been a transition to vortex growth and collapse, or turbulence in 
the fluid flow, the mixing coefficient Sv might be expected to have 
the form 
YJt. 
r 8.1.6. 
79. 
Therefore 
8.1.7. 
At the critical intensity of oscillation, when the average heat 
transfer coefficient is first beginning to increase, the effect of 
the streaming flow on the mixing coefficient, and therefore on 
average heat transfer coefficient, is negligible. Therefore 
SCRIUCi:AL cC GRm [ 0.1l9(~ ] 2 8.1.8. r CRITICAL 
Hence hv =[r pITlCAL ] ! [1 + 75.5 Re 2s ] i 
hCRITICAL GR 
8.1.9. 
In the study of unsteady laminar boundary layer flows (11), the 
region in the boundary layer over which unsteady effects are of 
. importance is found to be [tf-J ~. In the study of 
turbulence (55), [~J! is found to be proportional to the scale 
of turbulence. Therefore, putting Poe[t;] ~ relates the scale 
of the mixing motion due to the oscillation with the frequency. 
In the case of mechanical oscillation of the heated cylinder 
(frequencies <:acoustic frequencies), in which the intenSity of 
oscillation is such that a fully developed vortex syste·,n or 
turbulent mixing is created about the cylinder, it is expected 
that an increase in the scale of the mixing process will be present 
when compared with acoustic oscillations for which Il ~ 6.0. 
2D 
If it is assumed that,at the critical condition for both mechanical 
and acoustic oscillation, the scale of mixing is the same (provided 
A ~ 6.0' then evaluation of r CRITICAL at /l = 6.0 for an 
2D ) 2D 
r '! ambient temperature of 700 F and D = ~ in. yields CRITICALoCC.~] . 
li496 
Therefore [r CRITICAL J! "r..L] i r t1496 
For acoustic oscillation for which .?L ~ 6.0, the effects of 
2D 
frequency on vortex size was negligible,(Fand and Kaye (46~, 
therefore the effect of scale of mixing on hv will be 
negligible, hence for acoustic oscillation. 
hv 
hCRITlCAL 
hCRITlCAL 
8.1.10. 
For mechanical oscillation where scale of mixing is of importance. 
hv 
hCRITlCAL 
8.1.11. 
Numerically hCRITlCAL~ ho the heat transfer coefficient in the 
absence of oscillation. Therefore, hv from equations 8.1.10. 
hCRITICAL 
and 8.1.11. can be plotted against hv from experiment. 
ho 
Before a comparison between equations 8.1.10. and 8.1.11. and 
experimental data is carried out, it would be desirable to 
establish the conditions of validity of these two equations. The 
method put forward here considers a superposition of the energy in. 
the streaming flow with that of the critical l.ayer in the laminar 
boundary layer. The distabilising effect of the hot wall surface 
has not been accounted for. Hermann (38) has found experimentally 
that the point of transition to turbulence of a laminar free 
convective boundary layer on a horizontal cylinder moves 
uDstream with increase in Grashof number,th~seresults are shown 
in Figure 8.1. below. 
FIGURE 8.1. Variation of point of transition on a heated 
horizontal cylinder in air with Grashof number 
(Hermann (38) ). 
It is expected, therefore, that the method developed here 
would be valid for cases in which the temperature difference between 
-the wall surface and air is small. Therefore, ccmparison with the 
experimental data of refeI'ences (45), (48), (49) and (37) have 
been considered at the lowest temperature differences at which 
heat transfer data was obtained. 
From Lowe's experimental data (37), it is clear that an 
upper limit to the validity of equations 8.1.10. and 8.1.11. occurs 
when oscillation induced forced convection prevails. This will 
occur when Re2s )0 10. The lower limit of validity would be at 
;V 
conditions of oscillation which first produce a fully developed 
condition of turbulence or vortex growth and collapse about the 
cylinder. From the data of references (45), (49) and (37), this 
has been established in Figure 8.2 .• 
$/. 
) 
FIGURE 8.2. 
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8.2. Comparison with Experiment and Discussion· 
A plot of hv from the experimental data of references (45), 
ho 
(48), (49) and (37) is shoWn against hv from equation 8.1.10. 
hCRITICAL 
and 8.1.11. in Figure 8.3. below. It will be seen that the 
calculated results are 
provided A e '" 500 F 
in agreement with experimental 
and Re2 s "" 10. 
IV 
data, 
82.. 
.. 
Go 
~ 
o----"Q' 
,1:1.1: I 
4·0 - ... -.,-~--~-~ --..,._,_ ... , 
3' 
a 
2·0 9' 
• JI 
+ 
fAND' KAY1! '4" C/S }ACOUSTIC (45] 
• •• • '01. HORllONTA.L 
• •• 225. }"~C"""ICAL r 
• •• t7-5. 'JEftTtCAL l49J 
FAND & PEBOU!S 104 CIS MECHANICAl. '40' ~llONTAL 1: qJ I 
III 
A 
LOWE 27 TO 57 C/S t!Ofl!!OnTAq !.O£ow«:M, 
• 29 . a 47' vtllTlCAi. J [37J . 
I·OF~--r---r----.. 
10 2'() 3{) hv 
ncll'TICAL 
40 
FIGURE 8.3. Comparison between equations 8.1.10. and 8.1.11. 
and experiment. 
From the discussion in section 8.1. it was seen that 
equations 8.1.10. and 8.1.11. would be valid for cases where the 
temperature difference is small. The comparison with experimental 
data showed that this temperature difference was ~ 50oF. It is 
of interest to compare equations 8.1.10. and 8.1.11. with the 
resul ts of Richardon' s asymptotic analysis obtained for <lR _ 0, 
which waS discussed in section 7.0. 
For the case of large streaming Reynolds numbers, 
Richardson (54),with the aid of Stuart's analysis (43), obtained 
the following expression relating Nusselt, Reynolds and 
numbers and the ratios aiD and (YI(I.j>. 
Nu R [1 + 
Rose PR! 
1.66 (~) Pq !] = 
[~~ 
0.484 
Prandtl 
8.2.1. 
) 
Large Streaming Reynolds Number experimental data was plotted as 
function of the ~.H.S. of 8.2.1. and GR 
Ros2c 
by Richardson, this 
plot is shown in Figure 8.4. 
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FIGURE 8.4. Comparison between experimental data and 
asymptotic. solution of Richardson (54) for large 
Streaming Reynolds Numbers. 
It will be seen from Figure 8.4. that only the high frequency 
mechanical oscillation data of Fand and Kayeat frequencies of 
119 and 225 C/s converge on to the asymptotic solution of 
Richardson. The variation between Richardson's solution and the 
experimental data will be seen to increase as the frequency 
becomes smaller. The 27.1 Cls frequency data of Lowe has been 
plotted by the author on Richardson's co-ordinates to emphasise 
this point. 
Stuart's analysis on which Richardson's solution was based 
is valid up to(~) ~ 0.3, assuming PR - 0.73 for air and 
recasting 8.2.1. in terms of the streaming Rejn<Udsnumber 
remembering ·that Reosc = arms UJ D results in 
Nu = 0.713 Res~ 8.2.2. 
8.2.2. is a limiting case of Richardson's analysis for a ~ 0.3. 
D 
As pointed out earlier, Richardson's theory does not agree closely 
with the low frequency oscillation data. This means that the 
0.713 multiplier in equation 8.2.2. will not in fact be a constant, 
but will vary with frequency. From the intercept of the various 
experimental curves in Figure 8.4.,the constants for a given 
frequency can be substituted in 8.2.1. for the value of 0.484 and 
the following values obtained for the Given frequencies, these 
constants will replace 0.713 in 8.2.2. 
f C/s. 225 119 97.5 76 54 27.1 
INTERCEPT 
ON FIG. 8.4. 0.52 0.484 0.45 0.40 
0.34 0.270 
MULTIPLIER 
FOR EQUA'llON 
8.2.2. 0.763 0.713 0.662 0.590 0.501 0.398 
to replace 
0.713. 
Now, from equation 8.1.11., we see that as ~ becomes small, 
NUy 
NCRITlCAL 
= 
8.2.3. 
For free convective flows over horizontal cylinders at low values 
of GR, EcKert and Drake (56) recommend for gases 
0.40 %! 8.2.4. 
Now Nuo ~ NCRITlCAL' Hence from 8.2.3. and 8.2.4. we have 
Nuv = 1.18 [~]! 
1496 
Re! 
s 8.2.5. 
For the frequency range 27.1 to 225 C/s discussed above, the 
Multiplying constant for equation 8.2.5. for each frequency will be 
f C/s. 
MULTIPLIER IN 
8.25 to replace 
1.18 f-L-1! 
1:496 
225 
0.736 
119 97.5 76 54 
0.630 0.600 0.560 0.515 
It will be seen that over the whole frequency range from 
27.1 
0.433 
27.1 C/s to 225 C/s, equation 8.2.5. is in agreement with the 
asymptotic values of the experimental data to within 15%, and is 
in fact a better representation of the asymptotic behaviour 
as GR ..... 0 than Richardson' s analysis. 
For the case of low streaming Reynolds Numbers, Richardson 
obtained the asymptotic solution. 
Nu R [1 + 1.66 (~) PR!] 
ROse PR~ [~]~ = 0.718 8.2;6. 
The results of this analysis were compared by Richardson with 
experimental data, this is shown in Figure 8.5. 
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FIGURE 8.5. Comparison between experimental data and 
asymptotic solution of Richardson (54) for small 
streaming Reynolds numbers. 
Now for the case of low streaming Reynolds numbers and PR = 0.73 
for gases,the term (1 + 1.66(~) I1l~J~ 1, hence 8.2.6. can be 
recast in terms of the streaming Reynolds number Res, so that, 
for PR = 0.73, we have 
Nu = 8.2.7. 
(Recall equation 7.3.8.) 
Now for the case when GR is small, 8.1.10. can be re-written as 
Nuv 
NCRITlCAL 
= 8.2.8. 
87. 
I 
As before, = 
= 8.2.9. 
.. 
There is a 27% variation in the value of Res predicted by 
8.2.9. and 8.2.7. due to Richardson. However, a closer look 
at Richardson's comparison of his asymptotic solution with 
experimental data{figure 8-5) will show that, because of the 
large scale used, it is difficult to assess the accuracy of 
his comparison. To assess' this, the present author has 
replotted the data of Fand and Kaye (45) for low ~6 
(i.e. low ~) for frequencies of 2116; 1496 and 1100 C/s. 
on a much larger scale. This plot is shown in Figure 8.6. 
Also shown on this Figure is the result from 8.2.9., this will 
yield a constant 27% smaller than the 0.718 constant of 
Richardsoll. (Le. 0.565). 
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From the replotting of data in Figure 8.6. using a larger scale, 
it is seen that the experimental data shows a trend towards the 
0.565 constant predicted through equation 8.2.9. rather than the 
value 0.718 predicted by Richardson's analysis. 
Conclusion 
By considering the steady streaming flow set up by 
acoustic or mechanical oscillations to interact at the outer 
critical layer of the laminar velocity profile and so cause greater 
mixing, the Danckwerts-Mickley model has been used to compute 
the average heat transfer coefficient in the presence of oscillations, 
provided the temperature difference 
air '/if;. 500 F and that Re2 s 
f:; 10 
between the surface and 
It has been shown that the method developed here gives 
closer agreement with experiment for the average heat transfer 
coefficient, as GR -to-O, than the asymptotic solutions of 
Richardson (54). 
9.0 CONDENSATION HEAT TRANSFER ON VERTICAL SURFACES AND 
HORIZONTAL TUBES 
t//). 
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9.1. Condensation Processes 
When a saturated vapour comes in contact with a:.surface at a 
lower temperature, condensation occurs, the condensate flowing downwards 
off the surface under the action of gravity. There are two distinctly 
different kinds of condensation process, and the type found in any 
particular situation depends primarily upon the behaviour of the 
condensate on the cooled surface. If the condensate wets the surface 
and forms a liquid film over it the process is called Filmwise 
Condensation. If on the other hand the condensate does not wet the 
surface, it collects in growing droplets on the cooled surface. These 
large droplets coaleace and roll off the surface under the action of 
gravity. This type of condensation is known as Dropwise condensation. 
In the case of Filmwise Condensation under normal conditions 
and in the absence of non-condensable gases mixed with the vapour, a 
ill: continuous of liquid is formed over the surface which flows 
downwards under the action of gravity. Unless the velocity of the 
vapour is very high, or the liquid film over the surface is very thick, 
the motion of the condensate film is usually laminar, and heat is 
transferred from the vapour-liquid interface to the surface merely by 
conduction. The rate of heat transfer depends, therefore, primarily 
on the thickness of the condensate film, which in turn depends on the 
rate at which vapour is condensed and the rate of removal of the 
condensate. On a vertical surface the film thickness increases 
continuously from the top to the bottom o£ the surface. Ona 
horizontal tube the local component of the gravitational force along 
the surface causing the iiquid flow is reduced, and the film becomes 
thicker, this effect is particularly noticeable on "the underside of 
the tube.surface. 
In Dropwise-Condensation only a part of the surface is covered 
with condensate droplets. Nucleation sites for the formation of 
droplets are thought to be small surface indentations, "on which 
minute droplets mayor may not establish themselves, depending on 
whether the droplet radius is greater or 1ess than a critical value 
<'istablished from the Kelvin Helmoltz equation. The droplet grows 
because of condensation on it, this condensation releases the enthalpy 
of vapourisation at the droplet surface, £rom Where heat is conducted 
through the droplet to the tube or wall surface. The continuing 
growth of neighbouring drops cause these to coalesce, until they are 
swept from the SUl'faceunder the action of gravity, and the process 
of droplet growth repeated at the free nucleation sites. 
Jakob (57) noted that the rate of drainage of condensate from 
a surface was more rapid with dropwise condensation than with the 
.filmwise mOde.' He also noted that the ratio of surface volume of 
drops to film was large. These factors contribute to the fact that 
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heat transfer coefficients as observed with dropwise condensation are 
usually an order of magnitude larger than those. obtained with the 
filmwise mode. Because of the difficulty in maintaining dropwise 
condensation over very long periods with chemical promoters, it is 
usually the practice inoequipment design, where condensation processes 
are invoh'ed, to assume that filmwise condensation conditions apply, 
though in fact a mixed mode often prevails. 
In the following survey only that literature pertinent to 
filmwise condensation will be considered. 
9.2. The Nussel t Theory for Laminar Filmwise Condensation on Vertical 
Flat Plates and Horizontal Cylinders 
Theoretical relations for calculating the heat transfer 
coefficients for filmwise condensation of pure vapours on vertical flat 
plates and horizontal tubes were first obtained by Nusselt in 1916. 
These solutions are derived in almost all books on heat transfer e.g. 
Jakob (·57). Because certain aspects of Nusselt's classical theory 
are to be used here, this theory and its comparison with experimental 
observation will be discussed. 
In considering the condensation of a pure vapour by the laminar 
filmwise mode, on a vertical flat plate, Nusselt made the following 
assumptions. Constant vapour and surface temperatures; negligible 
vapour velocity. Heat transfer across the liquid film is solely by 
conduction, the interfacial shear stress between liquid and vapour 
was negligible. By setting up a force balance on an element of the 
liquid film which involved equating the gravitational forces on the 
element to the resisting viscous shear forces, and utilising the 
assumption of conduction across the film. Nusselt obtained the 
following expressions for; local thickness of the liquid film S x; 
local velocity u(y) of the liquid in the film, at any station x down 
the plate and y in the film; and average condensation heat transfer 
coe~!icient h for the plate. 
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= . (4)ikx (ev - Ss )) ! 
g hfg f 2 . 9.2.1. 
h = 0.943 P g hfg k 
\ 
2 . 3 
9.2.3. 
Utilising the same assumptions and general analysis Nusselt obtained 
theoretical results for filmwise condensation on a. horizontal tube. 
Since this part of Nusselt's theory is to be utilised extensively in 
later discussions it will be rederived here in more detail than is 
generally found in the literature. 
-,': 
Fig. 9-1 Model of Condensate tilm on a HDrizontal Tube 
Considering the element of fluid film shown in figure (~-l), 
and equating viscous forces to gravitational forces on the element 
results in the following mathematical expression. 
du • (r + y) d j1l = 
dy 
(r + y) d j1l (S - y) P 
I 
9.2.4. 
I ' 
du = g~n 0 [$ -y 1 9.2.5. dy 
and u = !'!: sin 0 8 2ll~) i(f)21+c 9.2.6. )1 
at y = 0) u = 0 . c = O. .. 
Mean velocity of condensate at 0 is 
ii. = 1:. • foS u . dy 
~ 
9.2.7. 
9.2.8. 
Heat transfer over the arc length r,d0 by conduction is equal to 
heat release by condensation, expressed mathematically this is 
9.2.9. 
Substituting for ~from (9.2.8.) in (9.2.9.) and rearranging 
• d 0 = S d ( S 3 sin 0 1 9.2.10. 
For a given set of 
are fixed hence 
operating conditions 
( av - as] 
and geometry av, as and r 
is a constant B say. 
Now S d[ cS 3 sin 0] = & 4 cos 0.d0 + 3 S 3s in0.dS 
"'1._4 Putting a 
B 
= Y then d(~ 4) 
B 
From (9.2.11.); (9.2.12) and (9.2.13) 
= dY 
9.2.11. 
9.2.12." 
9.2.13. 
I 
I 
I 
dY sin ~ + i Y cos ~ - 4 = 0 9.2.14. 
d~ 3 3 
The solution of the above linear differential equation (9.2.14.) is 
shown in appendix (ill) and is:-
Y = 1 Li r sin 1/3 ~.d~ + cl 9.2.15. 
. 4/3 nI "3) 
Sl.n " 
at ~ = 0 / l1Y '" O. 
d~ 
from (9.2.14) Y = 1 
and from (9.2.15) since ~ ~ sin ~ for small angles. 
1 i f Sin1l3 ~.d~ = 1. Therefore C = 0 
Y = 4/3 
. r: 9.2.16. 
Equation (9.2.16) was evaluated by graphical methods by Nusselt and is 
tabulated in Jakob C5,/) and in appendix (iV ) from this the local 
-
variation of S with azimuth ~, can be obtained and hence local and 
average values of the heat transfer coefficient can be calculated, 
The variation of the film thickness <5 and heat transfer 
coefficient ~ are shown in figure 9-2. This information was 
computed by Nusselt for the condensation of steam at IOOoe on a 
surface at 900 C; the tube diameter being 2.6 cm. 
r--~-----'-----~----------------------------"-""-_-."-_-_-. ___ -__ -_-L~_::.:::,L.,,___: 
,Fig. 9-2 Local Condensate 
film thickness and Heat 
Transfer Coefficient around 
a Horizontal tube computed 
by Nusselt - Jakob Ref. (57) 
The average condensation heat transfer coefficient for a horizontal 
tube of Diameter D was determined by Nusselt to be:-
h = 0.725 9.2.17. 
9.3. The use of Reynolds number for the liquid film 
Equation (9.2.3.) was derived on the assumption that the 
liquid film was laminar. However, as the rate of condensation 
increases and the height of the surface over which condensation is 
occurring is large, the condensate film at the lower end of the 
surface becomes turbulent. Colburn (1934) (see McAdams (27) for 
derivation) recast (9.2.3.) in a form which gave the average heat 
transfer coefficient for the vertical surface as a function of liquid 
film properties and a Reynolds number for the film Ref = 4.Q where 
ft. 
G is the rate of condensation per unit ~et~ed perimeter. This 
enables the average heat transfer coefficient of (9.2.3.) to be 
expressed as 
h = 1.46 [p2k 3g .] 1/3 
j fi 2 
- 1/3 9.3.1. 
The critical Ref above which the film has been observed to become 
turbulent is about 1200, McAdams(27). 
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Equations (9.2.3) and (9.3.1 ) will be valid for condensation 
on vertical tubes also, provided these are of adequate diameter, 
(i.e. not capillary tubes). 
9.4. Comparison of Theory with Experiment 
Since Nusselt's theory for laminar filmwise condensation was 
put forward, numerous workers have carried out experimental 
investigations with vertical plates and tubes and horizontal tubes, 
and various condensing vapours, to test the validity of equations 
(9.2.3.) and (9.2.17.) 
In the cases where the theoretical assumptions have been 
satisfied it has been shown experimentally that the average condensa-
tion heat transfer coefficient is proportional to (9y - 9s )-! and 
(Length)-! for laminar flow conditions.' However, the average values 
of the heat transfer coefficient show considerable deviation with 
respect to Nusselt's predictions. For the case of the vertical 
surface, McAdams (27) tabulates the results of several worker~ 
studying condensation of steam on vertical plates and tubes, ranging 
in length from 0.39 to 12 ft with (9v - 9s ) ranging from 50 - 830F. 
The average coefficient of heat transfer ranged from 1.1 to 1.5 of the 
value predicte~ by (9.2.3.). 
For the ~ase of the horizontal tube McAdams (27) quotes an 
average result for the condensation' heat tr~~sfer coefficient of steam 
at atmospheric pressure which is 1.23 times the value predicted by 
Nusselts theory (9.2.17). The tube diameters in these experiments , 
ranged from 0.675 ins. to 2.0 ins.; with av - as covering the range 
20 - 430 F. In the comparisons between Nusselt's theory ~nd 
experiment made by McAdams, all the liquid properties were evaluated 
at the mean of the vapour saturation temperature and average surface 
temperature with the latent enthalpy being evaluated at the saturation 
temperature. 
Wiite}:'ous-; workers have tried to account for the variation observed 
between experiment and Nusselt's theory. Bromley et ~l (58) carried 
out a combined theoretical and experimental investigation to determine 
the effect of non uniformity of surface temperature on .the condensation 
heat transfer coefficient on horizontal tubes. These workers were 
particularly interested in the effect of the low thermal conductivity 
of condenser tubes made from stainless steel. Their investigation 
! ..... l... 
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showed results that were in close agreement with Nusselt's theory 
for the horizontal tube. It is expected that similar results would 
be obtained for the vertical tube case. McAdams (27) gives a 
correction factor for use with equation (9.2.3.) for condensation on 
vertical tubes, which is based on the ratio of. the overall temperature 
difference at the bottom of the tube to that at the top of the tube. 
For eoverall bottoml eoverall top of 0.5 the correction to 
(9.2.3.) is 0.96 whereas for this ratio equal to 2.0 the correction 
is 1.06. 
Peck' and Reddie (59) considered the effects of Inertia :f'orces 
in the liquid film (which were neglected by Nusselt), in obtaining 
a semi-empirical correction to Nusselt's theory for the horizontal 
tube case. They obtained h/hNusselt varying from 0.7 to 1.3 from 
an empirical analysis. 
Bromley (60) obtained a correction to Nusselt"s theory to 
account for the effects of finite thermal capacity of the condensate 
and its contribution to the sensible heat transfer through the 
condensate film. The effect of the finite heat capacity is to 
increase the temperature gradient at the tube wall end therefore 
increase the heat transfer. Bromley .. Bl obtained the following 
correction. 
h 
. hNusselt 
For the condensation of steam Cp (ev - es) 
hfg 
9.4.1. 
is very small because 
of the large values of hf' therefore in the case of steam tne g 
contribution from this source is very small. 
More recent theoretical studies have considered the laminar 
filmwise condensation problem as a problem in laminar boundary layer 
theory. Sparrow and Gregg (61) considered the problem of filmwise 
condensation on a vertical surface. In their solution the authors 
conSidered the effects of inertia and thermal capacity of the 
condensate film, but considered tne interfacial shear stress between 
the liquid film and the vapour to be zero. Their results show tnat 
98. 
for values Of the liquid Prandtl number ~ 1 aud Cp (ev - es)/hfg L 
0.4 the eflects of inertia are negligible and therefore Nusselt's theory 
is applicable. In a later study Koh et al (62) considered the same 
problem as Sparrow and Gregg (61) but with the further refinement of 
including the interfacial shear stress between the liquid and vapour 
as a boundary condition. ay considering the interfacial shear stress, 
the motion of the liquid film is allowed to induce motion in the 
vapour, in the course of this process the li.quid film looses momentum. 
So for a given condensate film thickness; the average condensate 
velocity will be lower when interfacial shear is permitted, Since 
the heat transfer is roughly proportional to the mass flow times the 
enthalpy of vapourisation, it is expected that the heat transfer will 
decrease. However from their computations the authors show that 
for % ~ 1.0 the interfacial shear stress is of little importance. 
The authors results are shown in figure (9-3) where it will be 
Fig., 9-3 Effect of Interfacial Shear Stress on Condensation Heat 
Transfer on a Vertical Plate,. Ref. ('62). 
. ". 
noted that for the small values of Cp(6v - es)/hfg obtained with steam 
the results for local heat transfer coefficient agree closely with those 
of Nusselt's theory. Chen (63)Oin a later paper considered the same 
problem as Koh et al (62). Using a different analytical appro'l.ch, he 
obtained results in agreement with those of Koh et al. 
Sparrow and Gregg (64) also carried out an analysis for laminar 
filmwise condensation heat transfer on a horizontal cylinder using 
boundary layer theory. In this analysis the effect of interfacial 
shear stress was neglected, The results obtained by the authors 
are shown in figure (9-4) where it will be noted again that for low 
1 
I 
I 
,I 
I 
values of cP (6v ~ 9s ) 
hfg 
theory. 
leo. 
there is close agreement with Nuselt~s 
I. • 
. 
.1 
," 
--..::.. ... 
.......::: I"- -.. 
I 
P •• ~"" 10 
'.)< ~ 
.. 
. _, 
--- - ~ 
~~U' .. U'I 
Fig, 9-4 Heat 
Transfer Results 
for Laminar 
filmwise condensa-
tion on a 
horizontal CYlinder 
Ref. (64) • 
..... IMOI'J t-- ~ 
• 
t". ~ .e, 
.B 
1"1 
~ N,. , J'" Ofh ... d 0.733 kY(t i ) lot - • 
.7 .008 1\ 
.CO> 
•• 
• 0001 .001 .1 
.', 
', .. ::. , " 
.' ." 
From the foregoing survey on condens~tion of pure vapours on vertical 
plates er tubes and on horizontal tubes, two points emerge clearly. 
1. For the condensation of vapours such as steam which have 
very high enthalpy 
CP(9v - 9 s }/hfg is 
of vapourisation, the parameter 
small. Theoretical results from 
boundal:Y layer analysis show that Nusselt's theory is 
adequate for theoretical prediction of condensation heat 
transfer coefficient. 
2. Effects of non uniform surface temperature, thermal 
capacity of the condensate film, inertia of the liquid 
film and interfacial shear, collectively contribute little 
to modifying the results predicted by Nusselts theory 
for fluids with PR ~l.O and low CP<9v- 9s jkfg' 
Peck and Reddie's empirical corrections (59) for inertia 
eff.ects in the liquid film, would in the light of the discussions on 
boundary layer analysis of condensation heat transfer, appear to be 
excessive. Their method attributes all the variation between 
Nusselt's theory and experiment to the effects of inertia in the 
liquid film. 
Grigull (6S) considers that the deviation between experiment 
and Nusselt's theory is due mainly to the effects of ripple formation 
in the liquid film, and the possibility of mixed (filmwise and 
10/. 
dropwise) modes of condensation. 
The formation of ripples has been observed by Dukler and Berglm . 
(66) in the study of thin::liquid films on an unheated vertical surface. 
Ripples were observed to occur in the liquid film at a film Reynolds 
number of about 8.0. Transition to turbulence was observed at a 
film Reynolds number of about 1400. The authors found that in the 
laminar region considered to be that with film Reynolds number <: 1400; 
the average film thickness as measured, agreed closely with that of a 
theory developed by Nusselt (see Jakob (.57» for the prediction of 
film thickness, for flow of a liquid down unheated surfaces. (The 
assumptions and developments in this theory are similar to those of 
Nusselt's condensation theory). 
Kapitsa developed a theoretical analysis for ripple motion of 
the liquid film based on the Navier Stokes equations, which also 
considered the effects of surface tension forces at the fluid gas 
interface. This theory is extensively discussed in Portalski's 
thesis (67). Portalski has shown (68) that the formation of 
ripples sets up a circulatory vortex motion in the troughs of the 
ripples, as shown in figure (9-5) and postulates that this mechanism 
causes greater mixing motion, and therefore accounts for the higher 
heat transfer and mass transfer coefficients that have been observed 
in the presence of ripple motion of the film. 
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Fig. 9-5 Eddy Formation in wavy film flow Portal ski (681) 
Portalski (69); (10) also observed that a transition from the 
"pseudo-laminar" flow with rippling motion, to a "pseudo-turb·,lent" 
motion of the film occurs at a film Reynolds number of about 400. In 
• 
the "pseudo-turbulent" mode of flow; the ripple formation has a 
random motion as compared with that in the pseudo-Iaminar case. 
Portal ski (RO) also concluded that Nusselts parabolic velocity profile 
was suitable for use up to the point of transition to "pseudo';' 
turbulent" motion. 
Kapi tsa' s theory (:67) re suI ts in an average film thickness 
Which is 8% smaller than that predicted by Nussel t (57). Therefore, 
it is quite likely that the reduction in thickness of the liquid 
film, plus the inner vortex motion in the film is accounting for the 
increased heat transfer results as compared with Nusselt's theory for 
filmwise condensation. It should be recalled here that rather a 
similar observation was made by Eckert and Soehnghen (33) in their 
investigation of transition of the laminar free convective boundary 
layer on a vertical plate. Wave motion was observed in the outer 
part of the boundary layer; though the character of the boundary 
layer as a whole was laminar; the average coefficients of heat transfer 
observed were some 25% greater than those expected for laminar flow. 
It is likely that Grigull's comment on ripple motion is correct. 
As to the effect of mixed condensation this is also likely to 
be a contributory cause to the increased heat transfer results, since 
only small patches of dropwise condensation can contribute a 
substantial 
Furthermore 
increase in the observed heat transfer coeffiCient. 
ma.;..,r ....... 
. to_ "iiIe ma; J t 11&16: adi pure filmwise condensation on a 
surface is difficult l:~====~==.t for long periods. 
While the foregoing discussion accounts for experimental heat 
transfer coefficients which have been observed to be in eJ(Cess of those 
predicted by Nusselt theory; another explanation has to be sought for 
those results which have been observed to be below the Nusselt theory. 
It has been known McAdams (27) that small traces of non-
condensable gases which might be· present in the vapour; due to poor 
de-aeration of the boiler feed water, or leakage into the condenser 
when the latter is operating at subatmospheric pressures causes a 
reduction in the condensation heat transfer coeffiCient. The reason 
for this is that as condensation takes place on the surface, a higher 
concentration of air which is mixed with the vapour, is found in the 
vicinity of the surface, with the result that the partial pressure of 
the vapour is reduced. At a distance from the surface, the vapour 
concentration is greater, therefore mass transfer or difusion of the 
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vapour through the air to the condensing surface occurs. The mass 
transfer process is now the.rate controlling process, and the rate of 
condensation will be dependent on it. This is so because the rate 
controlling process is one of difusion through a gas which is a 
. slower process when compared with difusion (conduction) through a 
liquid. Therefore the condensation rate and heat transfer coefficient 
will be reduced when non-condensable gases are present with thd vapour. 
Experiments by Hampson (71) on the effects of non-condensable gases 
on the condensation of steam by either the filmwise or dropwise mode, 
on horizontal or vertical tubes, showed that the heat transfer 
coefficient for filmwise condensation was reduced to 75% of that 
calculated from Nusselt's theory for filmwise condensation, when as 
., 
little as 0.2% by mass of non-condensables was present in the steam. 
I~ may be reasonably concluded that the main causes for 
deviation between experiment and Nusselt's theory for filmwise 
condensation have been accounted for. 
·In this thesis no discussion of turbulent filmwise condensation 
is to be given; since this mode of condensation has been observed 
only at the bottom of long vertical tubes - greater than about 8 ft. 
in length - !.IcAdams (27).Whereas the concern here is with tubes of 
about half this length, with low vapour velocities along the tube 
length so that the contribution from shear effects to transition will 
be small. Vapour velocities of up to approximately 6 ft/sec have 
bee~ found by Kutateladze (72) to have little effect on the laminar 
·filmwise coefficient of heat transfer, when the vapour and condensate 
flow are in the same direct~nn. 
Summary 
For the filmwise condensation of steam on short vertical surfaces 
or tubes or on horizontal tubes Nusselt's theory is adequate for 
computing the heat transfer coe£ficient from a theoretical standpoint. 
Provided precautions can be taken to exclude air and other non-
condensables from the. system and care taken to obtain pure filmwise 
condensation. It is expected that experimental results would be of 
the. order of 20% greater than that predicted by Nusselts theory. 
It appears almost certain that to account for the increased heat 
transfer theoretically; the effects of ripple motion must be taken 
into account including the inner vortex motion which was found to 
exist by Portal ski (68), however. to account for ripple motion of the 
film involves the loss of the use of the very simple expressions of 
Nusselt's theory. The possibility therefore exists of using 
Nusselt's simple theory in any analysis, and correcting for its 
defects empirically. 
10.0 THE EFFECT OF MECHANICAL OSCILLATIONS OF THE CONDENSING 
SURFACE ON CONDENSATION HEAT ~;SFER COEFFICIENT. 
Introduction 
10.1. It has long been known that tube vibration is present in 
the underslung power plant condenser. The usual practice has been 
to minimise any transverse vibration of the tubes to reduce the 
,possibility of fatigue failure. However, from a heat transfer 
standpoint it is interesting to investigate the effect of transverse 
oscillations of the condenser tube on the condensation heat transfer 
rate. In this section a survey of any relevant literature on the 
topic of surface oscillation effects on condensation heat transfer 
will be made. 
10;2. Survey of literature on the Effects of Mechanical Osci1la-
t':!:On: of the condenser surface on condensation heat transfer 
Work was carried out at the South West Research Institute, by 
Raben et al (73) under a grant from the 
on oscillatory effects on heat transfer 
U.S. Department of Interior,* 
On 
and scale formationAtube 
surfaces. 
The object of the research program was to demonstrate the 
feasibility o~ using vibrational energy to improve the economy of 
saline-water evaporator systems. Improvements sought through 
transverse tube oscillations were; The increased water side convective 
heat transfer coefficient. The increased steamside film condensation 
heat transfer coefficient, with the possible promotion of dropwise 
condensation. The reduction of scale formation on the outside of 
tubes. 
The apparatus and methods used for the transverse oscillation 
of the condenser tube for the waterside and condensation studies will 
be discussed at some length, as this review will be of US9 when 
discussing later the, apparatus used for the experiments carried out 
at the Loughborough University of Technology by the author. 
10.3. Water Side Heat Transfer Study 
The test section consisted of a 1 in. O.D. x .035 in wall 
vertical stainless steel tube 48 ins. long. The test section was 
heated electrically through a 5 KVA transformer with input control 
which enabled the output current to be varied from 0 - 500 amps. 
* I am indebted to the U.S. Department of the Interior, Washington 
D.e., for providing me with a copy of Report No. 49. (Ref.(73». 
ihe electrical energy input to the test section was through 
two aluminium strips attached to the tube.at locations 48 ins. apart. 
An electro-magnetic vibrator was connected through a "tuning bar" 
to the centre of the test section. Rubber hoses provided 
flexible input and outpu'; water connections to the test section. 
Sixteen thermocouples were mounted in groups of four arolUld the 
tube at locations 3 ins. and 6 ins. on either side of the centre of 
the test section. Inlet and outlet water temperature were also 
recorded on thermocouples. The experiments covered a range of 
Reynolds number from 1,117 to 24,000 with and without oscillation. 
ihe frequency of oscillation was varied from 17 to 144 cls with 
amplitude varying from 0.375 ins. down to 0.009 ins. Tests were 
conducted with the temperature difference between the wall and water 
of from 150 to 300 F. It was found that tests without oscillation 
gave results which agreed well with standard correlations for pipe 
flow with the exception of results at a flow Reynolds number of 
1,117 which showed the presence of strong free convective effects. 
ihe tests with.osci11ation did not reveal any significant 
increase in the heat transfer coefficient, over values obtained 
in the absence of oscillation. A maximum increase of 4% was 
observed, the increase being independent of flow Reynolds number. 
10.4. Steam Condensation Study 
A schematic diagram of the apparatus used and the method of 
tube support are shown in' figure'. (10-1) and (10-2). 
The test tube was of aluminium 1 in. O.D. with 0.049 ins. 
wall thickness and was 41 ins. long. ihe tube was installed in a 
3 ins. I.D. pyrex tube 38 ins. long with a central T section as 
shown in figure 10-1. ihe aluminium tube passed through end flanges 
on the pyrex tube; the seal between the aluminium tube and the 
flange being made by means of all "0" ring seal. ihis enabled the 
aluminium tube to expand freely, and to oscillate in a transverse 
direction as a pivot ended beam. The aluminium tube was connected 
to the Vibrator, through a driving rod attached to it as shown in 
figure 10-2. Suitable precauti"ons being taken to seal the moving 
joint. at the outlet from the "T" section •. 
Tests were carried out with a constant inlet steam flow rate 
at atmospheric pre'ssure which was sufficient to allow for an 
uncondensed flow from the exhaust. Water rate was kept constant 
and at the highest rate possibl:e, but a temperature controller. 
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'''e. 
enabled the inlet water temperature to be maintained constant at 
values of 1200 ; lqOO and l80oF. 
Experimental data were obtained with and without oscillation 
of the aluminium tube. The frequency range of the oscillations 
used was from 22.5 c/s to 98 c/s. with a maximum amplitude of 0.5 
ins. obtained at the resonant frequency of 38 c/s. For the 
three inlet temperature,s used above; the approximate overall steam-
water temperature differences were 900 ; 600 and 30°F. respectively. 
lhe steam side coefficient was obtained from the overall 
heat transfer coefficient. The overall heat transfer coefficient 
consisting of the :'inverse of the sum of the we.ter side; tube wall 
and condensation film resistances. lhe tube wall resistance was 
determined from the properties and measurements of the aluminium 
tube. The average water side resistance was determined from an 
empirical relationship which accounted for the (L/D) ratio of the 
tube. From accurate measurements of the water side temperature 
ri~e and water flow rate the total heat transfer and average bulk 
temperature of the water were obtained. Accurate measurements 
were also made of the steam temperature. From this information 
the average condensation heat transfer coefficient was computed. 
The estimated error on the cnndensation heat transfer coefficient 
was considered to be about ± 4%. 
The authors obtained a correlation for the ratio of average 
coefficients of heat transfer of the form.' 
hv 
ho 
= 0.714, [ a f1.2 10 •205 10.4.1. 
which is valid for afl •2 ;> 4.0. The amplitude a used in equation 
(10.4.1.) is the maximum amplitude measured at the centre of the 
tube. 
The authors observations of the nature of the condensate 
film under conditiOns of oscillation is of interest. It was noted 
that the condensate film was swept back and forth on the tube 
towards the two stagnation pOints. (see figure 10-2). 
condensate was observed to be thrown free of the tube. 
Very little 
A .few: tests were also conducted with non-condensable gas 
irtroduced with the inlet steam, and as was to be expected the 
improvement in condensation heat transfer coefficient was reduced. 
//J9, 
lit>. 
10% air in the steam causing a 37% reduction of the heat transfer 
coefficient, with maximum amplitude oscillation of 0.5 in. This 
value still being about 10% greater than the condensation heat 
transfer coefficient in the absence of oscillation and non condensable 
gases. 
10.5 Condensation on a tube with longitudinal oscillation of 
the tube 
Haughey (74) conducted an experimental investigation into the 
effects of longitudinal oscillation of a condenser tube on the 
condensation heat transfer coefficient. 1he tests were conducted 
with ethanol vapour condensing on a 0.905 ins. O.D. tube, oscillating 
with amplitude up to 0.059 ins. and frequencies up to 140 c/s. 
Film Reynolds numbers varied from 30 - 50 based on laminar flow 
conditions. A m~~imum increase of 20% was observed on both 
condensation and water side heat transfer coefficients. The 
increased condensation heat transfer coefficient was attributed to 
the formation of standing waves occurring in the condensate film, 
which were thought to cause better convective mixing. These waves 
were in the form of equi-spaced ridges around the circumference of 
the tube. They were spaced about 0.18 in. apart, the spacing being 
independent of intensity of oscillation. 
An indifference curve of amplitude versus frequency was 
plotted on the basis of first observation of wave formation. It was 
found that the critical intensity for wave formation agreed with 
that obtained by Shine (30) in his experiments with free convection 
i.e. at Z' 1.0 In. else It was noted that the indifference curve 
based on first increase of heat transfer gave a result for critical 
intensity which was slightly less than that based on wave formation. 
Condensate drainage was observed to take place predominantly 
from the wave ridges. 
The author obtained the following correlation for his 
experimental data within ± 5% 
10.6., 
hv 
= 1 + 0.0018 af 
ho 
Summary 
10.5.1. 
From the foregoing discussion on mechanical oscillation of 
condenser surfaces, and its efft·Jt on the condensation heat transfer 
coefficient. The important observation was the fact that the 
liquid film on iIle surface of the tube is not ruptured in any way 
but greater mixing in the film does take place. For the case of 
transverse oscillation of vertical tubes as studied by Raben et al 
the oscillation of the tube causes the film to move in the manner 
shown in figure (10-3) below, There is a strong possibility of 
-.'," 
{J ... ~ ... ~. ~4I 
.. ~ ... . 
Fig. 10-3 Movement of Condensate film on a transversely oscillating 
Vertical tube. 
vortex motion in the region of accumulated condensate, this vortex 
motion could if sufficiently strong cause turbulence in the film. 
This vortex motion along with the reduced film thickness on the 
forward stagnation point of the cylinder accounts for the increase in 
the obs~rved heat transfer. A similar mechanism was postulated by 
Ill. 
Haughey for the increased heat transfer with longitudinal oscillatio.l. 
Raben et al and Haughey found from empirical correlation that 
the ratio hV/ho was a function of the amplitude and frequency of 
oscillation only. These correlations do not allow for any 
contribution to improved heat transfer from the motion of the film 
under gravity forces. In the case of Haughey's results with a 
horizontal tube of 0.905 ins'. diameter this could possibly be 
justified but in the case of Raben et al who were; working with a 
38 in. long vertical tube the cOhtribution of the film motion due to 
gravity forces could be quite significant particularly at low 
intensities of oscillation. 
Because of evidence of' the strong convective effect causing 
increases in the condensation heat transfer coefficient, with the 
• possibility of promoting turbulence in the film - this is parti.cularly 
so in the experiments of Raben et al. It would appear quite 
feasible that the Danckwerts-Mickley model could be effectively 
I ~ 
applied here to predict the increase in the heat transfer 
coefficient due to oscillation. The problem is as before to 
set up a suitable model for the mixing in the condensate film, 
so that the mixing coefficient S can be defined. 
In the next section, the application of the Danckwerts-Mickley 
Model for condensation on a vertical transversely oscillating tube 
will be discussed. 
H2. 
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11.0 APPLICATION OF THE DANCKWERTS-MICKLEY MODEL FOR THE 
COMPUTATION OF THE CONDENSATION HEAT TRANSFER 
COEFFICIENT ON A VERTICAL TRANSVERSELY OSCILLATING TUJ3E 
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11.1. The Mixing Model 
In the study of the stability of liquid films falling over 
vertical or inclined surf.aces. 
Portalski (69) and Brooke-Benjamin (75) have found that 
instability is initiated at the outer edge of the film where the 
velocity is a maximum. Atkinson and Caruth~s (76) determined the 
velocity profile for film flow over an unheated surface and found 
it to be parabolic which is in accordance with Nusselt's theory. 
In the discussion of vibration induced transition to 
turbulence of the laminar free convective boundary layer ona 
vertical surface, it was found that .the mixing coefficient S 
could be suitably described if the vibration energy of the surface 
could be considered to supplement the energy of the fluid in the 
outer critical layer, in the region of the point of inflexion of 
the laminar velocity profile. 
If the same assumption is used here, i.e. vibration energy 
of the surface supplementing the energy of the liquid film at 
its outer edge, to promote greater mixing, then, the mixing 
coefficient Sv will be given by 
Sv cC Vv r 
n 
Ref 
where r is a scale of mixing, and 
Vv . = re;, WJ 2 + 
11.1.1. 
11.1.2. 
UMAx in 11.1.2. is the velocity at the outer edge of the parabolic 
velocity profile, and is evaluated at the point of transition to 
psuedo-turbulent motion i. e. when Ref:: 400. (a0'lY"") 2 is 
proportional to the mean kinetic energy of the vibrating tube, 
assuming a sinusoidal flexure (Ref. 77) for the pivot ended tube. 
(See Appendix V for .derivation). 
Under critical conditions of vibration when the heat transfer 
coefficient for the tube is ::ust beginning to increase, the 
mixing coefficient will be proportional to VCRITICAL ,there 
r 
'''''-" ..... 
IlL;.. 
. , 
fiG'. 
being no change in the order of magnitude of the scale of mixing 
which is proportional to the film thickness. 
hv Therefore 
hCRITlCAL 11.1.3. 
At the critical condition, it is assumed that vibration does not 
supplement mixing, so that under these conditions 
VCRITlCAL ~ UMAX. 
hv Hence 
hCRITlCAL 11.1.4. 
For the parabolic velocity distribution in the condensate film 
which is valid to the pOint of transition to pseudo-turbulent 
flow (70), Nusselt's theory (57) gives:-
tIrMx = !;~2 
and S = {4 k./lx (9SAT jt hfg 
2 jk x (9~AT - ew) UIiAx = /'Chfg 
Therefore 
From equations 11.1.4. and 
hv 
hCRITlCAL 
Now 
From Nusselt's theory, 
11 = ~[ (g) 
Therefore 
G = P
23it 
1 
2 
11.1.5. 
'/4, 
eN) ] 11.1.6. 
11.1.7. 
11.1.8. 
11.1.9. 
11.1.10. 
11.1.11. 
11.2. 
'1/6. 
From equations 11. 1. 6. and 11.1.11., Ref can be written as 
11.1.12. 
Comparison with Experiment 
From the data for each test run tabulated in reference (73) 
the value of x for which Ref = 400 was evaluated from 
equation 11.1.12., all physica1'properties of the condensate being 
evaluated at the film temperature with the exception of entha1py 
of vapourisation, this was evaluated at the saturation temperature. 
The value of x obtained in this way was used in equation ILLS. 
The comparison between hv from equation 11.1.S. and hv 
hCRITICAL ha 
obtained experimentally in reference (73) are shown in Figure 11.1. 
(It should be noted that hCRITICAL~ ho.) 
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FIGURE 11.1. Comparison between 11.1.S. and data of 
reference (73). 
/ 
/ 
Remembering that the static tube tests of reference (73) 
resulted in heat transfer coefficients which were about 10% in 
excess of those predicted by Nusselt's theory, (57), it is 
estimated that the error introduced by use of Nusselt's theory 
in equation 11.1.S. for calculation of UMAx will result in an 
error of about 5% in comparison with the experimental data 
for 
In the comparison of the experimental data of reference (73) 
with equation 11.1.8., it will be seen that the resonant mode 
vibration at 38 C!s with ~plitudes >0.35 ins. are not in as 
close agreement with equation 11.1.8. as the other data. The 
reasons for this are thought to be:-
(1) The mixing model put forward considered only 
the energy associated with the tube vibration and 
the liquid film to characterise the process. At 
large amplitudes of vibration, adhesion forces in 
the liquid film will be of greater significance 
in inhibiting the lateral motion of the liquid 
film, thus, the simple model would overpredict 
mixing and heat transfer in these situations. 
(2) The possibility exists that at large amplitudes 
of vibration (~o ;>0.3 ins.). There is a departure 
from the assumption of the tube behaving as a pivot 
ended beam, and the tendency to vibrate as a built-in 
beam. This will reduce the energy of vibration (77) 
and again the specified mixing model would cause an 
overprediction of the heat transfer coefficient. 
For most situations that might arise in engineering practice, 
. I Ao is likely to be less than' 0.3 ins. because of the possibility 
/17. 
of tube failure due to metal fatigue over long periods of operation. 
Therefore, the method discussed here for computing condensation heat 
transfer coefficient in the presence of transverse vibration of 
vertical condenser tubes would appear adequate. 
Conclusions 
Using the observations of Portal ski and Brooke-Benjamin 
concerning the instability of liquid films, it has been possible 
to define the mixing coefficient S in the Danckwerts-Mickley 
model in a similar way to that for free convection from a 
laterally vibrating plane surface in air. 
Comparison of the calculated heat transfer coefficient 
ratio using the Danckwerts-Mickley model is found to be in 
reasonable agreement with the experimental data of Raben et aI, 
provided the amplitude of oscillation is less than 0.3 ins. 
/18. 
(12.0 CONDENSATION HEAT TRANSFER ON A HORIZONTAL TUBE IN 
THE PRESENCE OF MECHANICAL OSCILLATIONS IN A VERTICAL 
PLANE 
II? 
·i 
, 
12.1. Proposed Study 
In the literature survey conducted in section 10.2. to 
determine what work had been undertaken on the effects of mechanical 
I~. 
oscillations on condensation heat transfer, it was found that no 
work has been carried·out on condensation heat transfer on horizontal 
tubes in the presence of mechanical oscillations in the vertical 
plane. It was also pointed out in section 10.1., that this mode 
of oscillation was the most common in the normal underslung power 
plant steam condenser. It is proposed therefore to investigate the 
effect of mechanical oscillations in a vertical plane, of a horizontal 
steam ccndenser tube, and determine its effects on the condensation 
heat transfer rate. It is proposed that this study include an 
exploratory experimental investigation followed by a . theoretical 
analysis to confirm the experimental findings. 
12.2. Methods for producing Mechanical oscillation and method· adopted 
There are two basic methods which can be used to produce large 
amplitude mechanical oscillations utilising the electromagnetic 
vibrator as a driver. The simplest of these is to couple the 
system to be oscillated directly to the electro-magnetic vibrator. 
l The vibrator is fed from an oscillator through a power amplifier with 
the appropriate frequency of oscillation, the amplitude of oscilla-
tion being controlled by the output from the power amplifier. This 
method suffers from the disadvantage that at high frequencies of 
oscillation the bulk of the useful force output of the vibrator 
is utilised in accelerating the moving parts of the vibrator, hence 
the maximum amplitudes that can be obtained in this way at high 
frequencies are limited. 
The second method employs the use of the double beam as 
shown in figure 12-1. 
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Fig. 12-1 The Double Beam Method of Producing large Amplitude 
Mechanical Oscillations. 
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The vibration force from the electro-magnetic vibrator is fed at 
low amplitude - llience the bulk of the useful force output from the 
vibrator is available) - throggh the stiff beam to the supports of 
a beam of much smaller stiffness. The large vibration forces 
available cause the low stiffness beam to oscillate with large 
amplitudes at its fundamental frequency.' The fundamental frequency 
of oscillation of the beam of low stiffness can be altered by 
adjusting the lengthi between the supports. The vibrator is once 
again fed through an oscillator and power amplifier, the input 
frequency corresponding to the fundamental frequency of the beam of 
low stiffness. The fundamental frequency for the low stiffness 
beam can be readily calculated from vibration theory. 
Tb utilise the double beam method just discussed, it is 
necessary to couple the mid point of the low stiffness beam to the 
tube to be oscillated by means of a yoke system. It is not possible 
to use the tube as the low stiffness beam, as this would produce an 
unwieldy and.expensive condensation chamber. 
For reasons to be discussed later the test tube chosen was 
copper. This tube was approximately 13 ins. long by 0.830 in. 
outside diameter with 0.040 in w.ll thickness; the tube was terminated 
by copper flanges and support lugs and the whole mounted through 
insulating Paxolin strips onto a' T made from. i in. stainless steel 
I-V. 
"- ,~ ..... ~-.' .... ,. 
tubing (see section (13)" for details of tube and mounting). Tne 
total mass of the tube and T assembly was 4i lbs. 
It was decided to carry out an initial investigation into 
tne douole beam method for obtaining large amplitudes of oscillation 
of the test cylinder discussed above. 
For tne stiff beam a 4" X 4" x~" I beam 4 ft long was 
/~2. 
used. Tne vibrator was a TYpe VP 5 made by Derritron Vibrators Ltd. 
with associated oscillator and power amplifier. This vibrator was 
capable of producing a vibration force of 40 lbf. the frequency 
range of the vibrator was 10 to 16,000 c/s. The maximum amplitude 
possible was mM ± 0.25 ins. For the low stiffness beams a series 
of steel rods of varying diameters were used. The T section of 
the tube assembly being attached to low stiffness rods by means of 
knife edged phospher oronze bushes of suitable diameter. 
The tube was mounted in an available condenser shell with 
the vertical leg of the T paSSing through a phosphor bronze bush in 
the bottom of the shell. The condenser shell itself was mounted on 
the vibration bed by means of Dexion angle strip (see section (13) 
for details). In this way the tube was free to move up and down 
but was constrained. from any side ways motion. Tests conducted in 
the frequency range 20-60 c/s were not successful, because of the 
low fatigue life of the low stiffness rods, and the large mass of 
the tube assembly. Since nothing could be done to effectively 
reduce the mass of the tube assembly it was decided to carry out the 
investigation with the simpler of the two methods discussed earlier 
by connecting the vertical leg of the T to the vibrator with a 
suitable link - a H" steel rod. With this arrangement the following 
results of maximum amplitude with frequency were obtained. 
Maximum amplitude a ins.- 0.17 
frequency c/s 20 
0.077 
40 
0.035 
60 
0.025 
80 
0.02 
100 
Having determined how the test tube was to be oscillated, the next 
point that needs to be determined is the method of evaluating the 
condensation heat transfer coefficient. 
12.3. Survey of Methods for measuring condensation heat transfer 
Coefficient 
. In this section various me.··,hods of . determining the condens·ation 
heat transfer coefficient will be examined. What is required is a 
method based on direct measurement, where the accuracy of the final 
results can be assessed. Methods utilising empirical correlations 
should be avoided because of the uncertainty in the accuracy of 
these. The method used by Raben et al (.73) could not be used here 
for this reason, furthermore with the short length of tubing used 
here with hose connections at inlet and outlet, there would be 
difficulty in finding existing correlations for water side heat 
transfer data which would adequately cover this situation. 
A method that has found wide use in the past has been the 
"Wilson Plot" method, which is discussed below. 
The heat transfer from the condensing vapour to the water· at 
average temperature 9 w is 
Q = UoAo (ev - e", ) 
and Uo = 1 
1 + Do loge Do + Do 1 
he "2I1:iii Di Di ii ... 
For given steam side conditions hc ~ 
on the water side. Therefore the term [1-
hc 
12.3.1. 
12.3.2. 
constant for changes 
+ Do 
2km 
constant. h '" is proportional to the water side velocity V~ raised 
to the 0;8 power. Therefore Do 
Di 
1 
h.., 
constant it being 
V. 0.8 
... 
assumed. that the thermal properties controlling h~ remain approximately 
constant with temperature. Therefore 1 = 
Uo 
constant + constant 
V 0.8 
w 
Uo may be readily evaluated from measured data from equation (12.3.1.) 
and V... can be accurately determined. Hence a plot of 1 
UO 
1 on cartesian co-ordinates should yield a linear plot. 
V .. 0.8 
As V ... -eo- 00, 1- _ .=.l ___ "'-___ -=-_ 
Uo 1 + Do loge Do 
hence from the 
hc 2km Di 
versus 
intercept on the -1-
Uo 
axis hc may be obtained from a knowledge of 
the thermal properties of the tube. This method suffers from the 
disadvantage that he is determined by extrapolation; to conditions 
when the water velocity is infinite. This method would therefore 
not be suitable for determining the small changes in he that could 
occur with increasing intensity of vibration of the condenser tube. 
A further disadvantage of the method is the necessity to maintain 
conditions steady on the steam side for long periods while the water 
side velocity is varied. Obviously, the accuracy of the method 
depends on the obtaining of a large number of data points. The 
main advantage of the Wilson plot method has been its use un 
industrial equipment in the field where a minimum of instrumentation 
is a distinct advantage. 
Another method of determining the condensation heat transfer 
coefficient is from a knowledge of the tube wall temperature. The 
total heat" transfer Q can be accurately determined from water side 
measurements, if the vapour temperature or saturation pressure are 
known and the wall outside temperature is known then 
hc = ...:>Q-,. __ 
Aa (9v - a,o) 
where a,o is the mean temperature on the outside of the wall. 
The usual method of determining wall temperature by laying 
thermocouples in filled grooves just under the surface of the tube 
cannot be used in condensation work. Jeffery (78) has found that 
even with the tube ,carefully lapped the presence of wires in the 
material causes strong local effects to occur in the condensation 
process. This effect was also noted by Hampson (79) in his study of 
filrnwise and dropwise condensation on a short vertical surface. 
Another method of measuring the average tube wall temperature 
is to use the metal tube as the senSing element in a resistance 
thermometer circuit. Accurate determinations of average ~emperature 
can be obtained from measurements of electrical resistance of the 
tube,a measurement that can be made. with good precision with standard 
electrical equipment. From this average tube temperature the outside 
surface temperature can be determined. 
In the next subsection the various methods available for the" 
measurement of the electrical resistance of the tube wall and choice 
of the tube wall material will be discussed. 
12.4. Methods of Determining the Electrical Resistance of the 
Condenser tube 
(i) The d.c. Potentiometric Method - In this method the resistance 
tube is placed in series with a known standard resistance of low 
value and a limiting resistance, which keeps the d.c. current through 
the circuit at a practical level of between 10 - 30 A. The potential 
drop across the test section of the tube and across the standard 
resistance are measured in quick succession. From these readings 
and the known value of the standard resistance the unknown resistance 
of the tube can be determined. The main precautions to be taken 
with the method are the elimination of the effects of thermal e~1Il.f. 
by reversing the polarity of the power circuit. The availability 
of a highly stable d.c. voltage source of high amp hour rating, and 
a highly stable micro-volt potentiometer are essential. 
Accuracy of this method depends on the accuracy of the 
standard resistor and upon its stability, and that of the limiting 
current resistor. The stability of the potentiometer between 
successive readings is also essential. 
2. The Kelvin Double Bridge Method for the measurement of low 
values of Resistance. 
nle Kelvin double bridge method has the advantage that at 
balance it is independent of fluctuations in the applied potential 
to the bridge circuit. The Kelvin double bridge is a d.c. bridge 
circuit, which, provided certain precautions are taken concerning the 
lead resisiances connecting the unknown resistance to the bridge, 
gives a direct reading of the unknown resistance to.a high degree of 
accuracy. n,e Kelvin double bridge is shown schematically in 
figure (12-2) below. 
1. 
x s 
Fig. 12-2 Schematic Circuit Diagram of the Kelvin-Double Bridge 
The unknown resistance x is determined in terms of the standard 
resistance S and the ratio arms A' and B'. 
A, B, a and b are the total resistances in the designated 
bridge arms including the lead and contact resistance between the 
bridge arms and the junction pOints on the resistors. If the 
· /%. 
resistances between the galvanometer junction point and the resistance 
binding posts are A', B', a' and b' then 
A = A' + rl 
a = a' + r2 
B = B' + r4 
b = b' + r3 
A' and a' are adjusted until the galvanometer G is balanced - i.e. 
zero current through the galvanometer. At balance the voltage drop 
across A is equal to the sum of the voltage drops across X and a, 
,while that across B is equal to the sum of the voltage drops across 
b and S. 
Therefore 11 A = IX + I2a 
and 11 B = ~IS + I2b 
also (I - I2)t = I2(a + b) 
from (12.4.3) 12 = I 1-
a + b +.€ 
substituting for 12 in (12.4.1.) and (12.4.2.) 
IIA = I (X + a I. ) 
a + 1'>+1' 
lIB = I (S + b t ) 
a + b +1. 
Dividing (12.4.5.) by 
X = S. A 
(12.4.6.) and rearranging 
+ bJ.. (~-a) 
B a+b+..t, B b 
12.4.1-
12.4.2. 
12.4.3. 
12.4.4. 
12.4.5. 
12.4.6. 
12.4.7. 
By ganging the variable resistors so that A'/B' = a'/b' for all 
settings, and making the values A'; a'; B'; b' large while 1 is 
maintained at a low value. 
X = S • A 
B 
= SA' (1 + rJ/A') 
B' 1 + r4/B' 
12.4.8. 
12.4.9. 
Since A' and B' are large i.e. of order 100Sl and rl and r4 are small, 
of order 0.151 
X = S A' 
Ii' 
12.4.10 
The Kelvin double bridge is also ,subjected to thermal e.m.f. problems; 
this effect is reduced by taking readings with reversed polarity of 
117. 
the voltage source as for the potentiometric method. 
Because of the advantages of the Kelvin bridge mentioned 
earlier, and the availability of such an instrument, it was decided 
to use this method for wall temperature measurement. 
The instrument available was a Type K.W.l. bridge manufactured 
by the Croyden Precision Instruments Co. The bridge operated in 
conjunction with a Pye Scalamp Galvanometer and a Pye type 11330 
Galvanometer preamplifier. This system was suitable for the 
detection of variations of resistance of O.l~. For the copper 
tube used the resistance will be of the order of 100 - 200ArJL. 
For the measurement of such. values of resistance the 10gl(Jlinternal 
standard on the K.W.l. bridge was used i.e. S in figure (12-2). 
The values of the Bt and bt resistances are 10~J2.. . For the range 
100 - 200d~in the unknown resistance X; the variable resistances 
At and a' vary between 100 and 20011. From equation (12.4.7) 
X = .~ ~: [~ : :~j~:1 +::'b +:.t l~: (~ : :~~~: ) -~: 0: ::j~:1] 
12.4.11. 
Now At 
B' 
= a' 
b' 
and by using the internal standard r4/B' = r3/b ' 
= r3' By using identical potential leads on X so that 
then rfl/A'. = r2/a', and r!, (1 + r]/A') - ~ (1 + r2/a'\1 = 0 
. LB' 1 + r4/B' b' 1 + r3/b',J 
Therefore X = S A' (1 + rI/A' 1 
B' 1 + r4/B' 
By the choice of. rl = r2 the effect of 1. 
12.4.12. 
has been eliminated 
completely. By using the internal standard, r4 is very small 
compared to rl the potential lead resistance. 
chosen it is very much less than A'. Then 
X = S At B' 
= .0001 A' 
100 
X = A' x 10-6 Jl 
If rl is suitably 
12.4.13. 
I : I 
I~e. 
12.5. Selection of tube material and dimensions 
The tube material and dimensions are obviously important 
when the tube is to be used as a resistance thermometer element. 
A parameter that allows for the assessment of suitability of tube 
material and dimensions with regard to use as a resistance thermometer 
element is the sensitivity S. ~e1£he sensitivity is defined as 
the change in temperature of the tube causing a micro-dhmchange in its 
resistance. This is the inverse of f- L!!C , the resis tance change 
. a 
of a tube of length L and wall cross-sectional area a for a degree 
centigrade change in temperature. The material of the .tube has a 
specific resistance f and a temperature coefficient of resistance 0(; • 
Therefore 
S = a 12.5;:1. fLeX: 
If a length of 1 foot is considered - this corresponds closely to the 
length used in this application - and the tube 0.0. and wall thickness 
taken to correspond to nominal ~ in. diameter tube with 19 S.W.G. 
wall thickness, which is the B.S. specification 659 for light gauge 
copper tubing. This gives the actual diameter of the tube as 0.83 ins. 
and the wall thickness as 0.040 ins. The 0.0. of the tube corresponds 
closely to that used in actual condenser applications. 
dimensions S can be evaluated for various materials. 
For these 
This tabulation is shown below, the electrical 
properties being taken from Kaye and Laby (80); 
Tube Material I' x 106.Jl.cm o(.°C-l S °c/dJl. 
at 200C 
Aluminium 2.82 0.0036 2.07 
Brass 6.60 0.0016 1.98 
Copper 1.72 0.004 3.00 
Nickel 7.24 0.0054 5.40 
Stainless Steel 78.0 0.0010 0.270 
From the tabulated information it would appear that stainless 
steel would be the obvious choice because of its high sensitivity. 
However other factors have to be taken into account. Some' of these 
associated with the electrical characteristics of the tube and 
others associated with the ability to maintain filmwise condensation 
on the tube, this being a necessity for comparison with subsequent 
analysis. 
The forming processes used in the manufacture of tubing cause 
it to work harden .... ,. Jh this condition the material is not stable and 
the ,electrical properties are known to vary over long periods of 
time. To reduce the effects of work hardening it is usual to anneal 
the material this results in better stability of the material 
properties. The effects of work hardening are most pronounced in 
alloy materials, but are also present to a much lesser extent in 
commercially pure materials, due to the presence of impurities. 
In using the tube as a resistance thermometer, the generation 
of thermal e.m.f. due to the -junction of differing materials at 
differing temperatures is to be avoided. This is particularly true 
in the fixing of potential and current leads to the tube wall, these 
should be made from 'the same material as the tube. 
Finally theselectionof a particular tube material could be 
influenced by the ability of the material to sustain filmwise 
condensation. It has been found by Blackman (81) that stainless 
steel would sustain prolonged filmwise condensation. Hampson (79) 
has found that suitably prepared copper surfaces would maintain 
filmwise condensation for periods up to 24 hours. 
Finally the question of ready availability of the tube is of 
importance. 
On the basis of these considerations, it was decided to use 
commercially available copper tubing of the dimensions specified 
earlier. The main advantages being, the xeady availability of leads, 
tubing and copper strip for fabrication of the tube assembly. 
Fabrication itself could easily be carried out using soldering 
techniques. The tubing consists of 99.85% Copper; up to 0.04% 
maximum Phosphorous with the remaining percentage being impurities. 
The long term electrical stability of the annealed tubing was found 
to be very good. The temperature coefficient of resistance was 
consistant at 0.0026°C-l and the specific resistance at 200 C was 
2.65 x 10-6 ohm cm. 
those quoted earlier 
These changes in the values of eX: and f from 
for pure copper are qualitatively in agreement 
with the observations of Powell (82) who found for a sample of 
commercial purity copper tested, that of' = 0.OOI6°C-l and 
4.1 x 10-6 ohm cm. f = 
This means that the sensitivity S for the commercial copper 
tube used would be 3.040 C/A:'JI.., Recalling that the Kelvin double 
bridge to be used is capable of detecting changes of o.l;fJl.. It is 
found that with the system used here, temperature changes of the tube 
of about 0.30oe can be detected. It is interesting to note that the 
sensitivity has,_not differed from that of the high purity copper. 
Having decided upon the tube material and dimensions it now 
becomes necessary to clear two points. The first being to show 
that I2R·heating effects of the tube are negligible compared with 
the condensation heat load, and therefore its effect on wall 
temperature will be negligible. 
The seoond point conoerns the resistance temperature 
calibration of the tube and its subsequent use to predict the tube 
temperature under oonditions where condensation is present. 
12.6. I2R Heating Effects in the Copper Tube 
For a maximum tube resistance of about 200ft.2 and a current 
through the tube of about 20A (the actual current drawn by the 
Kelvin bridge was somewhat less - 9·SA) the I2R heating would be 
about 0.3 Btu/hr. the condensation heat load would be of the order 
of 10,000 Btu/hr which would be a fairly typical value. 
I2R heating effect would be negligible. 
12.7. The Tube Resistance under Condensation Cond±tions 
Hence the 
In the calibration of the resistance tube, the method usually 
adopted consists of immersing the tube in a thermostatically controlled 
calibration tank filled with heated water or oil. Under these 
conditions the temperature resistance characteristics of the tube can 
be plotted in the form of a calibration curve. Under these conditions 
there is no temperature gradient across the tube wall, there is no 
variation of temperature around the circumference of the tube, and 
finally there is nO variation of temperature along the tube length. 
However, when the tube is installed as a condenser tube under test 
conditions there will be.a gradient in temperature across the wall 
of the tube because of the heat flow due to condensation, because of 
the variation in the condensate film thickness round the tube there 
will be a temperature variation around the tube and finally because 
of the cooling water flow through the tube there will be an axial 
gradient in temperature along the tube. It is proposed here to see 
what effects these variations have on the resistance of the tube, and 
to ~btain corrections for these effects so that a correction may be 
outside 
applied to the calibrated resistance and hence the average/tube surface 
temperature obtained. 
130, 
Two studies of this problem have been made the first by 
Jeffrey (78) and the second by Watson and Clark (83). 
In the study of the temperature gradient across the condenser 
wall Jeffrey assumed a linear temperature profile for a thin walled 
tube, whereas Watson and Clark did not. In the study here with a 
tube wall thickness of 0.040 ins. the assumption of a linear 
temperature profile would appear reasonable. This can be shown in 
a much simpler manner than that adopted by Jeffrey as follows. 
The heat conducted through a hollow cylinder is given by 
Q = 2" k L (90 - 9i) 12.7.1. 
logo ro/ri 
Where k is the thermal conductivity of the material, L is the tube 
length and 90 and 91 are the temperatures at radii ro and ri from 
the axis of the tube. At steady state conditions it is also known 
that 
Q = 2" k L (9 - 9i) 
loge' r/ri 
Where 9 is the temperature in the wall at radius r from the axis. 
Equating 12.7.1. and 12.7.2. and re-arranging 
= loge (r/ri) 
loge' (rO/ri) 
12.7.3. 
Now ro = ri + t and r = ri + y where t is the thickness of the tube 
wall and y is some distance into the wall from ri but less than t. 
then 
= 10g~ [ 1 + Y/ri1 
logo\2- + tlri 1 
12.7.4. 
using the fact that log", (1 + x) = x - x2 + x3 --.----- it can be seen 
et 2" r 
that when t/ri is small. 
= Z 
t 
12.7.5. 
In fact for the tube used in this study the second term of the log". 
(l+x) expansion is about 6% of the value of the first term, so the 
assumption of a linear temperature profile across the tube wall is 
justified. 
Using the assumption of a linear temperature profile Jeffrey 
L.LI 
13/. 
obtained 
R '" C 12.7.6. 
Rm 
where R is the resistance of the tube at 8 with no temperature 
gradient across it, and Rm is the resistance of the tube under 
conditions of heat flow across the wall, its value being determined 
at em, the mean of 80 and 6i' 
Now C = 1 
and D = 
2(rO!ri - 1)(1 + D~L D 
o<:m (eo - ei)(~ + 1) 
ri 
- 0( m (eo -
+ cXm (eo -
12.7.7. 
12.7.8. 
Jeffrey calculated the value of C for various values of (eo - 6i) 
/' 0 -1 and (ro!ri) making the erroneous assumption that~m = 0.0023 F 
for all metals. However by chance 
Jeffrey is numerically close to the 
the value of 0<: chosen 
... 
value of eX: obtained in 
by 
the 
experiments discussed by the author on a commercial grade copper tube, 
and sinc~m(eo - ~) appears in 12.7.7. and 12.7.8. and is a pure 
number, use of Jeffrey's results for C may be used with little error 
-1.1 . 
here. These results for ro!ri7are shown plotted in figure (12-3) 
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Fig. 12-3 The Ratio of tube Resistance under Isothermal Conditions to 
to Mean temperature conditions versus temperature difference 
across the tube after Jeffrey Ref. (78) 
From figure (12-3) it is clearly seen that the effect of temperature 
gradient across the tube wall is quite negligible. At high values 
of (eo - ei) i.e. greater than 3QOC, the value of C continues to 
decrease attaining values that are only very slightly smaller than 
unity. 
Again in the case of temperature variation around the tube 
Jeffrey and Watson and Cl ark differ in their approach. Jeffrey 
working from experimental measurements of tube wall temperature 
variation, found that these could be suitably approximated by a 
cosine wave. On this basis Jeff~ey found that there was a negligible 
correction for R required, the error resulting from neglecting the 
correction being of the order of 0.01%. Watson and Clark determined 
the temperature distribution around the circumference of the tube wall 
wi th the ·aid of Nussel ts condensation theory for the horizontal tube, 
they.found that a slight correction had to be made which effectively 
raised the temperature of the tube surface by about lOCo However in 
the light of the earlier discussion on the Nusselt theory and its 
tendency to underestimate the condensation heat transfer coefficient, 
it would appear that the correction would be smaller if not negligible 
if this fact were taken into account. Since the higher heat transfer 
coeffic"ient would result in increased condenser tube surface 
temperature. Therefore Jeffrey's finding would appear more probable. 
Finally Jeffrey shows that the measured resistance of the 
tube will be t~e average value for a given temperature variation along 
the tube. 
From the foregoing discussion it can be concluded that when 
the resistance ttlbe is operating in the condenser, its resistance will 
correspond to the mean wall temperature 9m; this temperature can be 
readily obtained from the tank calibration curve of resistance versus 
temperature. 
from 
The average outer surface temperature eo is obtained 
where from equation (12.7.1.) 
eo - ei = Q/Ao • Do loge [ro/ri] 
2 k 
12.7.9. 
12.7.10 
Q is obtained from the heat t~ansfer on the waterside measurement, 
. 
and k is computed from a knowledge of the electrical resistivity of 
the tube. Powell (82) obtained the following empirical relation 
relating the thermal conductivity to the resistivity. 
k = 57.7 [2.39 x 10-8 ; + 0.075] Btu/hr ft OF 12.7.11. 
where T is in OK and I' is in ohm cm. 
For the value of f ~ 2.65 x 10-6 ohm cm. obtained by the author 
k = 157 Btu/hr ft OF this compares qualitatively with the valUe of 
115 Btu/hr ft OF obtained by Powell. 
Having discussed the two major points of how the horizontal 
tube is to be oscillated, and hm: the condensation heat transfer· 
coefficient is to be determined, the next section will deal with the 
details of the experimental rig and some of the other instrumentation 
used •. 
,~_ J 
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13.0 DESIGN AND CALIBRATION OF THE EXPERIMF~TAL RIG AND 
INSTRUMENTATION FOR THE STUDY OF CONDENSATION ON A 
HORIZONTAL TUBE IN A VERTICAL MODE OF OSCILLATION 
:', t I 
..... -. 
/35. 
13-1 The Condenser Shell 
A condenser shell from a previous project was found to be 
available. This shell which is shown in a sectional view in figure 
13-1 and in the photographs figure 13-2, consisted of a 6 in internal 
diameter cylindrical steel tube i" thick onto which was brazed a brass 
hood section of i" plate witli. .. a copper steam inlet pipe 3 ins. in 
diameter. (The reason for the brass hood section was that in the 
previous project the condenser was filled with a tube bundle, and 
deposits :from a corroded hood on the tube bundle were to be avoided -
hence the choice of brass). The holes in the steam delivery pipewera 
drilled at an angle to the vertical to avoid steam jets impinging 
directly onto the heat transfer surface. The brass hood contained 
three windows 3~ x 2! ins.; two located at the centre of the condenser, 
on either side of the hood, and the third located to one side as 
shown in the figure. The cylindrical section contained six circular 
pcrts 1 in. diameter for instrumentation (or observation). The 
bottom of the cylinder had three flanged drainage pipes as shown in 
:figure 13-1. The condenser shell was closed with steel end plates 
as shown in the photographs, the end plates carrying a single 
cylindrical opening pipe through which a rubber cooling water tube was 
fed. 
This condenser shell appeared to be suitable for the study 
projected here, since the yoke assembly carrying the copper tube could 
be arranged to lie so that the tube was in view of the windows in the 
hood. The coupling link between the yoke and the vibrator could pass 
through a suitable bush located in the central drain in·the condenser 
bottom. By suitably arranging a tray between the condenser tube and 
the T section of the yoke, the condensate could be drained from either 
o:f the other drains located in the bottom of the shell. 
A simple Dexion frame could locate the condenser shell in a 
conv€nient position above the anti-vibration bed carrying the vibrator. 
In fact the shell frame could be fastened to the anti-vibration bed. 
The above ideas were adopted, the anti-vibration bed consisted 
ofa 4ft Sin. 6 in. by ~ ins. thick I girder 16 in. deep placed on 
the concrefe floor of the laboratory, the Dexion frame carrying the 
condenser shell being bolted to the I beam. This is shown in figure 
·13-3, where the position of the vibrator will also be noted. 
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FtGURE 13.1. Sectional Drawing of Condenser Shell Showing Tube 
and Yoke in Position. . ! 
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138. 
Fig . 1 3 - 2 (a) View of Condense r She ll Showing End Cover Plate i n Pl ace 
Fig. 13- 2 Cb) Vie w into Condense r Shell with End Cover Plate Re moved 
Fig. 13-3 Method of Mounting Conde nser Shell on Anti-Vibration Bed 
13.2. The Ste~ Supply 
Tt.e steam supply to the Condenser shell throagh the copper 
steam inle t pipe was from a Stone Vapour Gene rator which was used 
for general proj ec t work in t he laboratory . This boiler was 
capable of delivery up to 1000 lom/ hr of saturated steam at preset 
pressures from 40 to 150 p.s.i.g. The boiler was fully automatic 
and could maintain the delivery pressure to within ± 1 p.s.i.g. 
Because of the delivery of saturated steam from the boiler, e,e boiler 
was operated at pressures of between 80 - 100 p.s.i.g. the steam 
being throttled down through a safety value followed by a needle 
control valve in the line to a pressure which was about 1 to 2 
inches of mercury above atmospheric pressure in the condenser sue ll. 
IJ9. 
Because the steam line to the condenser was unlagged the ste am r eache d 
the condenser shell superheated by about 20 - 30 F. A steam straine r 
was fitte d in the main st~eam line to trap foreign matter from the 
line . A blowdown system was inco~porated in the steam line just 
ahead of the condenser inlet, this enabled condensed s t e am ~~d 
corrosion accumulation in the line between experime~tal runs , to be 
cleared before testing was started. 
The boiler could not operate on the fully automatic mode at 
loads below 100 lbm/hr; to overcome this difficulty a second condenser 
rig on the same line was run s o that the minimum load could be 
achieved for automatic operation. 
13.3. The Water Supply 
Because of regulations made by the local Water Board, it was 
not possible to contemplate an experiment in which the cooling wate r 
was passed through the condenser tube, weighed and then discharged 
to waste . 
In the system employe d in this study the wate r was c irculate d 
by a pump through the condenser tube and then to the laboratory cooling 
tower, the pump inlet being connected to the cooling tower sump. 
Downstream of the condens er tube a two way cock was placed in the 
water line, this enable d a weigh tank to be brought into operation for 
calibration runs. The wate r flow was meas.ure d upstre am of the cond-
enser by me ans of a v <:nturi tube in the! in . bore water line , the 
venturi operated in conjunction with a compressed air manome ter 
described later under instrumentation. 
A line diagram showing the water and steam circuits to the 
condenser shell is shown in figure (13-4) . 
I 
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Fig. 13-4 Water and Steam Circuits to Condense r Rig . 
13.4. The Condenser Tube and Yoke Assembly 
As mentioned earlier , the condenser tube was of commercial 
copper 0.75 ins. 1.0. and 0.83 ins. 0.0. The copper tube was 13! ins 
long and mounted between two copper end lugs as shown in figure 13-5. 
The two end lugs were to be connected to the current carrying leads 
by means of two 2 B.A. screws located near the bottom of the lug. 
The potential leads on the tube were located 12 ins. apart and were 
soldered onto the tube surface . These leads consiste d of pure 
copper braid which when flattened had a rectangular section of ! ins. 
x 1/16 ins., each l ead was 8 ft long and had a resistance of 0.026 Jl 
Each end of the tube was closed with a flange held to the end 
lug by six 4 B.A. screws. The end flanges carried i ins. copper 
tube stub".s 2 in. long for inlet and outlet hose connections; the 
outlet water tube connection was set very close to the top of the 
condenser tube 1.0. this ensured 
full of water · during operation. 
that the condenser tube would be 
The overall length of 13i ins of the tube assembly left 
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Fig. 13-7 Exploded As s embly of Coppe r tube and Yok e and Photograph of 
Condenser tube 
'-
approximat ely s i x inches on either end of the tube when it was in it s 
assembled position in the s hell, this gave good fl exibi l ity to the 
assembly and allowed adequate vibrational displacement of the tube , 
without severe stress on the rubbe r hose. 
1'I:e yoke assembly is shown in figure 13-6. 'l:his was constructed 
from ii in. stainless s t eel tubing i n t he form of a T as s hown. The 
steel end pl a tes with Paxolin inn er . fac ings gave a dimension of 
13! i ns . between the inner facin gs , a further build up of k in. of 
Paxolin s heet on e ither face followed by a further 1/16 ins . brought 
the d i men s ion between the i nner f acin gs to 13! ins. which agreed with 
the dimen s i on be tween the outsides of each copper lug . (The reason 
for the c rude build up with successive layer" cf Paxolin was t hat 
originally it was thought that 3/16 in. Paxolin s heet would be 
available, howe ver , thi s size was not available fr om s tock) . By us ing 
the Paxolin strips to connect the copper lugs on eith er end of the 
condenser tube to the T section, the t ube assembly was e l ectrically 
isol at e d from the r est of the yoke assembly . 
A i inch steel rod connect e d the bottom of the T section to 
the vibraixr ; this rod =.ied an aluminium condensate catchpot and 
drain which ensured that condensat e did not run down the connecting 
link onto the vibrator be l ow. 
A photograph of the full assembly is sholm in figure 1 3- 7 . 
It should be pointed out her e that the heavy current l eads attached 
t o the lugs were made from brade d copper which when flattene d was 
i ins. x k ins . these l eads were each 7 ft l ong and had an e l ectrical 
resistance of O.0027SL 
The potential and current l eads were encased in in~ul ated 
sleeving and run through suitably sealed flanges covering t he 1 inch 
openings in the condenser s hell. 
13 . 5. Me a s urements and Instrume ntation 
In this ;5,ection the various measurements that need to be 
taken and the assoc iated instrumentation will be discussed. 
Temperature of Steam and Cooling wat e r 
The t emperature of the steam and cooling water were me asured 
by means of 26 S. W.G. Coppe r Constantan thermocouples . The Steam 
temperatur~ measurements were taken with two independent thermocouples 
mounte d in the shel l in the vicinity of the condenser tube. The 
the r ,',ocouples were located at the end of an L shaped poc ke t made from 
i in . O.D. copper tubing, the thermome ter pocke ts were electrically 
insulated from the condenser shell, and had an overall l ength of 6 ins. 
The cooling water inlet and outlet temperatures were each measured 
with a single thermocouple. The inlet thermocouple was wound in the 
form of a spring which fitted inside the rubbe r hose the hot junction 
end was locate d so that it was almost at the edge of the inlet water 
stub pipe~. There was no possibility of the hot junction touching 
the copper stub pipe as it was turned into the spring see figure 
(13- 8a) 
Fig. 13- 8a Inlet water 
t emperature thermocouple 
arrangement 
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Fig . 13- 8b Outlet water 
temperature thermocouple 
arrangement 
The outlet water thermocouple was he ld by a stiff brass bracket so 
that the hot junction coincided with the outlet plane of the tube, this 
is shown in figure(13-8b) the thermocouple was thermallj insulated from 
the bracket with Araldite . The the rmocouple l eads wer e taken out of 
the water line at pOints where the rubber hoses were connected with a 
copper jointing tube. 
The thermocouples were all operated with their own cold 
junctions. These were sealed in individual glass tubes which were 
immersed in a thermos flask of ice . 
Temperature measurements at steady state conditions were 
recorded on a Pye Precision Vernie r Potentiometer operating in 
conjunction with a Pye Scalamp Galvanometer. This system was operated 
on a sensitivity scale which enabled e.m.f. changes down to l~v to be 
determined. For the· samples of copper-constantan used he r e the 
sensitivity in 0C/mv was 22.8. Therefore the pote ntiomete r system 
us~d here could detect changes of temperature of O.02~80C (O.04280F) . 
To assist in determining. the attainment of steady state conditions 
a multi channel Kent self balancing and recording potentiometer was 
u sed for the initial stages of each test run for recording steam and 
water side temperatures. When the char t record on the Kent indicated 
steady conditions, the thermocouple connections were transferred to 
the Pye Vernier potentiometer and final readings taken • . 
The the rmocouples were calibrate d in batc hes in a the rmos tatic -
ally controlled heated water bath, against N.P.L. calibrated 
thermome ters graduated in O.loC increments. These calibrations were 
observe d to be uniform for the whole batch of thermoc ouples, the e .m.f. 
versus temperature graph for the batch i s shown in Appendix (Vl ) fi g .l. 
Wate r Flow Measurement 
Thi s was carried out with a v e nturi tube fitted in the! ins. 
I.D. water line. The venturi tube had a throat to pipe I.D. ratio 
of 0.75 the diffuser angle on the venturi being 50 
Undisturbed l engths of greater than 80 times the pipe I.D. were 
maintaine d upstream and downstream of the ve nturi. The pressure taps 
on the venturi tube were connected by polythene pi ping to a compressed 
air manometer. This simply consisted of two glass manometer tubes 
36 ins. l ong by 5/16 ins . O.D., the lower end of each tube was 
connect e d to one of the pressure lines from the venturi tube. The 
upper ends of the two tubes were each connected to one branch of a Y 
connector made from copper tubing. TI1ese two branches of the Y 
terminated in a common l eg which was brazed to a small air tight 
cylinder which had a bic ycl e tyre valve assembly attache d to it. 
Ope ration s imply c on s iste d in unscrewing the bicycle valve and 
lowe ring t he manome t e r be low t h.e l e vel of the wate r line - this was 
done by laying the manometer board horizontal . 1his caused the water 
from the line to flood through the s ystem. The bicyc l e 'valve was 
screwed into place and air pumpe d into the system s lowly. This force d 
the water down into the limbs of the manometer to a common he ight. 
Any pressure differential r ecorde d with water flow through the venturi 
was simply recorde d as a dif~erence in he ad of water on the manomete r. 
Precautions had to be take n to see that air bubbles we r e not l e ft 
trapped in the polythene pressure lines after the pumping operation. 
The system is not sensitive to changes i n ambient temperature or small 
air l eakage from the system, sinc"e both these effects cause identical 
air pressure change s on each limb of the manomete r. 
The venturi was calibrate d directly against a weigh tank this 
calibration being shown in Appendix ( Vi ) fig. 2. From the cal ibration 
-it can be seen that the wate r flow rate through the condGnser tube can 
be determined with an accuracy of ± 3% at the outside, this allows for 
the possible error on the we igh scale which was calibrated itse lf with 
standard weights. 
Ampli t ude and Fr eque ncy Me as ur e men t 
The amplitude of oscillation was measure d with a type 
585 DT - 500 Diffe r entia l Transformer in associa tion wi t h a t ype 
592 - 300 Trans ducer Conver ter. This e quipment i s produce d by t he 
Sanborn Corp., Mass ., U. S. A. 
The trans ducer is of the line ar diffe r entia l tran s former 
type , a schematic diagr am of the trans ducer and converter be i ng 
s h own in fi gur e (1 3- 9). 
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Fig . 13- 9 Schematic Circ ui t Diagram of San born Displ acement 
Transducer 
A cylindrical barre l with a centra l bore houses three windings . A 
primary coi l whic h is f e d from an external a-c exitation ( t he carrie r 
wa ve gene rate d in the converte r unit) and two s e c ondary c l' i l windings 
which are connected s eries opposing . A s oft iron core is free t o 
move up and down in the centra l bor e . 
When the soft iron core i s at the centre of the barre l e qual 
v Oltages are induced in each sec ondar y winding , he nce the r e is z e r o 
output from the secondar y cir cuit. When the soft iron cor e i s move d 
away from the centre of the barre l a gre ater voltage is induc·ld in 
one se condary compare d wit h t he ot he r and the r e i s an out put volta~e 
from the secondary, which r epresents the core di s placement and its 
direction. The output from the se c ondary winding is f e d back into 
the converter unit from which the output is a d . c. signal which is 
l'nearly de pendent on the cor e di s placement. The trans ducer was 
capable of measuring maximum displ acements of + 0.500 ins .; the 
f r equency response of the instrument being limited by the carrier 
wave fre quency of 2.4 KC/s. 
The iron core had screwed into each of its ends a 3/32 in . 
dia. brass rod. The free end of one of these rods was screwed into 
the driving head of the vibrator adjacent to the driving link which 
oscillated the yoke assembly ; the f r ee end of the second rod was 
pas sed through a bush s upporte d from a pillar on the vibrator . 
This enabled the core movement to correspond to that of the oscillating 
tube , while it was kept central in the bore of the transducer barrel. 
The transducer barre l was he ld in a clamp fixed to a pillar located 
on the vibrator. This enabled the barre l position to be adjusted 
for the zero r eading , when t here was no motion of t he vibrator. 
See figure (13-10) which s hows the transducer in position. 
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Fig . 13-10 Displacement Transducer Mounted on Vibrator 
1Ir1. 
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-The d.c. output from the transducer was fed to an oscilloscope . A 
calibration had to be carried out to relate displacement of the scope 
trace with displacement of the core, this was simply done by unscr ewing 
the rod on the driving head , adjusting the barrel for zero output, and 
then obtaining set displacements of the core with slip gauges placed 
between the driving head and the unscrewed rod, the corresponding 
displacement of the trace on the oscilloscope being noted. Bgfor e 
the calibration run the oscilloscope itself was calibrated against its 
own calibration waveform. The accuracy to which measurements of 
amplitude could be made was estimated at + 0.002 ins. During test 
runs, the peak to peak value of the displacement waveforms were note d, 
half this value be ing used as the peak amplitude o~ oscillation. The 
voltage displ acement 
the oscilloscope are 
characteristics of the transducer obtained with 
VI 
s hown in AppendixAfigure (3 ). 
Freque ncy of oscillation was noted directly from the frequency 
setting on the oscillator . This was found to agree with the frequency 
of the vibrat or output in the range 20 - 100 c/s . This was verified 
by f eedi n g a tapping from the output of the oscillator to the x plates 
of an oscilloscope, and feeding the transducer output to the Y plates. 
TIle results in al l cases was a circular trace on ~he scope this 
according t o Van San ten (84) is the path t r aced by a point common to 
two s inusoida l oscillations of identical frequency travelling at right 
angles to each other with a phase angle of 900 between them. This 
phase difference is to be expect e d, there is a negligible phase shift 
in the oscillation signal in its passage through the power amplifier 
and a 900 phase shift between the mechanical output from the vibrator 
and the input current. This eff ect is due to the characteristics 
of the electro- magne tic vibrator. This device produces a force F 
which is proportional to the input current i. The applied voltage- e 
must then be proportional to dx /dt the ve locity of vibration. This 
must be so since i·e must be equal to the mechanical power output from 
the system times an efficiency of conversion, therefore i - e is 
proportional to F.dx • 
dt 
Now since e = constant dx J then x the vibration 
dt 
displacement is S e.dt/constant. For a sinusoidal variation of e with 
time it is seen that x is 900 out of phase with e because of the 
integration. Hence the output waveform from the transducer will be 
900 out of phase with the oscillator output. The important fact 
here is that the frequency of vibrator output is consistent with that 
indicated on the oscillator setting dial. 
Trigger circuit for Flash Photography 
It was decided that photographs of the condensate film could 
be informative, particularly when the oscillating tube was at pOints 
of maximum positive and negati ve displacement. To do this some form 
of trigger circuit appeared to be necessary to enable a camera flash 
gun to be fired when the oscillation amplitude was at a positive or 
negative peak. The technique adopted here was to black out the area 
around the condenser and use the camera with the shutter open, and use 
the trigger circuit to fire an e l ectronic flash unit operated off the 
mains .. 
The trigger circuit was constructed in the following way. 
The incoming a.c. signal from the amplitude transducer was amplified 
and passed through a selector SWitch through a variable resistor to 
the grid of a Thyratron valve . 
Triode , and is a discharge tube. 
The Thyratr.on valve is a gas fill e d 
Positive potential) applied to the 
grid of the Thyratron causes rapid electrical breakdown and ionisation 
of the gas in the tube, this results in a heavy flow of electrons from 
the cathode to the anode, and a rapid increase in the anode current . 
The rapid incr ease in the anode ctlI'rent can be used to trigge r a r e lay 
system thus fi r ing the flash gun. The electron flow from cathode to 
anode i s stopped by utilising a s econdary relay circuit to break the 
16"/. 
anode circuit. A manual operation be~ng necessary to reset the system. 
This system enables the positive peak amplitude to trigger the circuit, 
the negative peak amplitude is made to trigger the circuit by switching 
the selector so that the output from the first amplifier I passes 
through a second amplifier 11 and then to the variable resistor and 
Thyratron grid. The second amplifier simply acts as a sign changer 
so that the negative peak is now able to trigger the circuit. The 
above discussion is summarised in the schematic diagram shown in 
figure (13- 11) 
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Fig. 13-11 Trigger Circuit .for Flash Photography 
At the commencement of operation the relays A;B and Care 
de-energised . Pressing the manual reset button causes A to be 
energised and the anode circuit closed. The system is now ready for 
operation~ With the selector switch in the position shown the 
circuit will trigger from the positive (upward displacement of the 
tub,,) . The amplified signal out of I passes through the variable 
r esistor R to the grid of the Thyratron, a heavy current flows to the 
anode energising B, this closes the flash gun circuit causing the 
; gun to fire and also energis~ relay C which causes the anode circuit 
to open. 
TO synchronise the flash gun firing with the maximum 
displacement postions, a stroboscope was use d to l ocate the maximum 
displacement positions in the oscillation cycle. The grid voltage 
to the Thyratron was altered by means of the vari able r esistor R, 
until the observed maximum pos it ion and the flas h gun firing 
coincided. 
Tube r es i s t ance measurement 
This was discussed at some length earlier, here the emphasis 
will be placed on the calibration of the tube . With the low 
resistance pote ntial and current l eads used h e r e , the e ffects of 
l ead r es istance wi ll be completely negligible . The Kelvin double 
bridge was operated in conjunc tion with a r e v e rsing switch which 
enabled the polarity of the e .m.f. from the 2 volt cell to the bridge 
to be r e v e rsed . The tube with attached end lugs and the operational 
leads was calibrated in a heated thermostatically controlled water 
tank. The copper lugs being placed on Paxolin sheets to avoid shorting 
through the me t al floor of the tank. 
The calibration o f the tube r es istance with t e mpe rature is 
shown in Appendix ( VI ) figure 4 . 
Figures 13-12 and 13-13 s how the condenser and associated 
measuring equipment. 
Fi g . 1 3-12 Vibrat or Power Amplifie r (l) Os c ill a tor (2) Trigge r 
Circ uit and Oscilloscope ( 3) and Fl ash Gun ( 4 ) 
Fig. 1 3- 1 3 Ke lvin Dou bl e Bridge (1) Pye Ve rnie r Po t e nt i omete r (2) 
IS~. 
Ke nt Multi-Channe l Recorde r (3) Compre ss e d Air Manometer (4) 
14.0 ASSESSMENT OF EFFECT OF POSSIBLE EXPERlMEN~ ERROR 
ON ACCURACY OF DETERMINATION OF CONDENSATION !!EAT 
TRANSFER COEFF I CI ENT 
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14.1. Assessment of Over all Accuracy 
The condensation heat transfer coefficient is to be computed 
from 
h = Q 
"--;-,,---:--,.---Aa (6v - 6"0 ) 
14. 1.1. 
I t has been shown that the capability of the temperature 
measuring system using the Pye Vernier Pot€ntiometer could detect 
down to 0. 043 of . However the calibration standard could be read 
to the near es t 0.050 C (0.090 F). Hence + 0.09 of is the limit of 
accuracy of the recording on t emperature . If the minimum temper ature 
difference between outlet and inle t cooling water is to be about 4 of , 
the maximum possible error in tempe r ature difference would be 0.18 of 
this would be appr oximatel y a 5% e rror on temperature differ ence . 
with 
The maximum error in determining the water f l ow r ate/weigh t ank and 
stop wa t ch has been found to be about 3%. The de t ermination of 
surface area on the outside of the tube could be carried out with an 
accuracy of about 2%. TIle t e mperature differ ence (6 v - 6.0 ) will be 
controlled ma inly by the error in determining 6. 0 the temper a ture of 
the tube wall sur face . The error in de t e r mining 6.0 was f ound to be 
about + 0 . 6 of . I f temperature diffe r ences of the orde r of 15 of 
are obtained the possible error in (6v - 6'0 ) will be 4%. 
To de t e rmine the eff ec t s of the individua l e rror s on the error 
in the heat transfer coeffic i ent use is made of the theory of error s . 
Schenck (85) shows that if R is a r esult which is some f unction of 
measured variables, say , W; X; Y and Z 
then 
R = f (W, X,Y,Z) 1 4 .1.2. 
If w;x;y;z; are the e rrors in the determination of the variables then 
W=I'Ic+w 
X = Xc + x 
Y = Ye + Y 
Z = Zc + z 
14.1.3. 
.. 
where Wc, Xc , Yc ' Zc ar e the~correct values of the var i ables . The 
error in the derived r esult is r; therefore R = Rc + r and from 
equation (14.1.2.) 
(Rc + r) = f (Wc + w, Xc + x , Ye + Y; ZC + z) 14.1. 4 . 
L5 L. 
If f i s asssumed to be continually differentiable, it can be expanded 
in a Taylox's series . Using the first two t e rms' of the expansion 
and re-arranging r esults in 
+ fkJ x + f JR 1 y +F)R] Z la Xc l~c ldZ"c 14. 1. 5. 
Since the e rrors w, x , y, z can be + '\€' or-ve 14.1.5. is squar e d . The 
sum of the terms containin g cross pr oducts will tend to zer o since 
any cross product i s as likely to be +ve as -ve. 
Hence 
+ ['d R 1 Cl Xc 2 2 x 2 2 Y 
The overall % error in the final r esult becomes 
r 
R 
x 100 = 2 2 
x 
+ [f-t1 
2 2 y 
2 2 
Z 
14.1.6. 
14.1.7 .. 
Applying (1 4.1.7.) to the pr obl em under study using t he e rror s in 
accuracy for the individual measurements obtained above , and the 
following "correct " measurements. 
Water flow rate 1440 lbm/hr 
Water side temperature rise 40 F 
Tube outside s urface area 0.232 ft2 
Diffe rence between vapour and wall temperature 150 F 
An overall error in tbe condensation heat transfel' coefficient 
of approximately ± 7% is obtained. Thi s e rror is of the order of 
normal expec t ed error in experimental observations with conde n sation 
. an heat transfer. Here th1S represents/outer limit in experimental error, 
this is so because severe conditions on the wat e r side and steam s ide 
temperature differences were use d . Operating the condenser tube with 
a larger temperature rise in the cooling wate r and a larger vapour -
wall temperature diffe r e nce should he lp to keep the experimental 
error wi thin the ± 7% limit quoted. This may appear to be a serious 
disadvantage, since at low intensities of oscillation the change in 
hea t transfer coefficient with oscillation would be of the same order 
as the experimental e rror . To overcome this difficulty it i s hoped 
that by grouping a large amount of data in the low intensity r egion 
/57. 
158. 
trends will be observed in the r esults . A furthe r me thod of 
r e duc ing the e ffect s of experimental e rror is to utilise the ratio 
hv/ ho in any comparison with the ory; this will in general cause some 
cancellation of e rrors due to experimental method. 
--------------------------------- , 
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15.0 OPERATING PROCEDURE DURING TES T RUNS SPECIAL 
PROBLEMS ENCOUNTERED, AND TIlE METHOD OF 
EVALUATING 'mE TEST DATA 
15.1. Start up and Attainment of Steady St~te Conditions 
Prior to each test the condenser tube was thoroughly c l eaned 
before ins t a llation in the condenser shell. This cleaning procedure 
was similar to that use d by Hampson (7 9) to ensure · filmwis e condensa-
tion on copper surf aces . TI1i s was carried out i n the following 
manner . '!he tube surface was given a light pol ishin g with emery 
cloth, followed by a wash and soaking in Trichlor e thyl ene to degrease 
the surface , the tube was then rinsed in water and rubbed with emery 
flour to r emove any deposit from the tr ichl or ethyl ene , the s urface 
was finally given a thorough wash in water before immediate 
installation in the s hell. 
Prior to the commencement of each t es t run the i nstrumentation 
was given a check for normal function, and thermocouples tested for 
cont i nuity and l eve l of signal. 
'!he water f low through the tube was se t at the appropriate 
l evel; this was varied between about 22 and 24 Ibm/min. with a f ew 
runs at fl ows up to about 28 Ibm/min. to check the effect of wat er 
side flow ve locity. In general it was found that with water flows 
be tween 22 and 24 Ibm/min . a differentia l temperature of the water of 
be tween 6 and 8 OF could be maintained. The Iigh water flow rates 
wer e n ot measured with the aid of the calibra t ed venturi, but di r ect l y 
in the weigh tank. The rmocouple : function on the water side was 
checked by ensuring similar r ecordings for inlet and outlet 
temperature . 
Having set the boiler pressure at 80 p. s .i.g. the steam line 
was "blown down", the l oad on the dump condenser was adjuste d so tha t 
stable boile r operation was aChieved, before the needle valve to the 
test condenser was opened. '!he ste am pressure in the conde nser s he ll 
was adjusted through use of the needl e control valve at inle t · .so 
that it was 1.4" Hg. above atmospheric ( a few t ests were carried out 
with the shell pressure at 0.7" Hg because of a steam l eak at the 
outlet carrying the current l eaas; howe ver this was soon r ectified.) 
'!he system was allowed to r each a steady state be fore final 
readings were taken . In doing · this a compromise had to be r eached, 
the inlet water t emperature was subjected to some fluctuations at 
times depending on the atmospheric conditions prevailing (as these 
affect the cooling tower performance). Howe ve r it was found that 
after about an hour at a given set of conditions the readings were 
160, 
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quite steady. At steady s tate conditions readings of the inlet 
and outlet wate r temperatures wer e note d along with the s t eam 
temperature and the tube r esistance along with measurements of water 
flow and shell pressure. A visual observation of the condenser 
tube was also carried out at each t es t point to check the condensate 
film for traces of breakdO\'ffi to dropwise condensation. 
In test runs with oscillation, the vibrator was set to 
give the appropriate frequency and amplitude of oscillation prior to 
the a~ission of steam to the condenser shell. The same general 
procedure was adopted for taking of r eadings and the period for the 
attainment of the steady state was as for the non oscillatory case. 
In carrying out vibration runs two basic me thods we r e use d 
for obtaining data . In the first case the vibrator was operated 
at !Tequencies in the r ange 20 to 80 cls going up in 10 cls increments, 
the maximum current being s upplied to the vibrator in each case (i. e . 
maximum amplitude of oscillation in each case ). Whe r eas in the 
second case the vibrator was operated at a constant frequency and 
the amplitude of oscillation varie d from zero to a maximum in three 
or four s t e ps. 
Because of the time take n to obtain s t eady state conditions 
it was found that test "runs consisted of a set of three or four poi nts 
pe r run. 
15.2. Special Problems Encountered 
Early in the test programme it was di s cove r e d that air in 
the system presente d a problem; this was found because the values of 
heat transfer coefficient in the absence of oscillation were well 
below the value predicted by Nusselt's theory. To overcome this a 
pair of ~" copper vent pipes drilled with a number of 1/ 16" holes 
were place d about ~" away from the condenser tube and paralle l to it. 
These pipes were connected to rubbe r hose which was led from the 
condense r shell through the I" po):t s provide d for Instrumentation. 
This was found to cure the problem of air in the condenser; v~lues 
of the heat transfer coefficient were observed to be greate r than 
those predicted by Nusselt's theory based on the appropria te operating 
conditions. 
It was found that no trouble was experienced from dropwise 
cc~densation initially. Readings vere taken over a two week period 
with no sign of dropwise condensation. At this stage as a part of 
routine servicing in the laboratory the main steam valve in the steam 
line was serviced and packed with graphite grease, this was not found 
out till much later , when persistant dropwise condensation over a 
period of about two months led to an exhaustive check on boiler water 
preparation and servicing of the plant. To counteract the eff ects of 
grease in the system the steam line and condenser s hell was operated 
with quantities of a s trong industrial detergent - Quadraline - being 
used in the boiler f eed water. However, extended periods of filrnwise 
condensation greater than alxlut twenty four rours were never again 
attained. 
At this point it would be a ppropriate to mention that 
the rmocouples and the condenser tube were recalibrate d at regular 
inte rvals between runs. The tube r esistance did s how, an increase 
with time , as was to be expect e d from the metal r emoval during 
polishing and cleaning. Howe ve r, the temperature coefficient was 
observe d to be completely stabl e . 
To improve the setting of the trigger circuit so that the 
flash gun could be fire d with ~~~tainty at the peaks of the 
oscillation cycle, a s impl e pulse circuit was used, operating from 
a photoelectric cell, which was ener gi sed by the light flash. A 
double channel Tektronix storage oscilloscope was used to stor e the 
input wave form from the displaceme nt transduce r on one channe l, and 
store the pulse mark on the other. This enable d a better adjustment 
of the sensitivity control on the trigger circuit than could be 
obtained using the stroboscope method, which r e lie d heavily on personal 
accuracy_ 
15.3. The Evaluation of Tes t Data - a Sample Calculation 
A sample calculation will be carried out in de ta i l to 
indicate the method use d for the evaluation of the test da t a . This 
calculation will be carried through for the case of a static tube 
condition so that comparison can be made with Nussel t 's theory for 
a horizontal tube. Exactly the same procedure is utilised in the 
evaluation of the data for the oscillating tube case. 
Test No. 1. 
Static tube 
. 
Mass flow rate of water row 
Inlet water temperature Swi 
Outlet water temperature ewe 
Steam Condense r Shell ·Temperature 
Steam Pressure in Condenser Shell 
above atmospheric Pressure 
= 26.7 Ibm/min. 
= 15.400 C 
= 22.800 C 
= l02 .00 C 
= 1.4 ins Hg 
162. 
Tube wall resistance = 136 j(.n. . 
Mean Tube wall temperature corresponding 
to 136 j(Sl., obtained from tank calibration er>t = 77 .200C 
Heat Load Q = IDw' Cpw (6we - 9wJ =11,850 CHU/fffi 
Diffe r ence between outside and inside tube wall t empe rature is 
80 - 8i = Q/Ao Do loge Do/Di 
---------- ---2k 
For Aa = 0.232 ft2. , 
Do = 0.830 ins. 
Di = 0 . 750 ins. 
k = 157 CUU/ hr ft "e. 
80 - Si = 1.164 oc 
80 = Bm + (eo - Si) 
2 
= 77.20 + 0.58 Qc 
Saturation temperature 9 s at corresponding to a s hell pressure 1. 4" Hg 
above atmosp~eric pressure is 101.1 °C. 
9 sat - 9 0 = 23. 32 oC) Since 1 CUU / oC = 1 Btu/oF 
h = Q 
"'---,------
= 2190 Btu/ hr ft2 OF 
Ao (8sa t - 80 ) 
Check against Nusse1t's equation h 
For a film t e mpe rature of 8 0 + (8sa t - 80) 
2 
Now (ev - es) = (esat - eo) = 23.32 °c 
= 90.2 °c 
Eval uating the properties in Nusse1t ' s equation at the film temperature 
of 90. 2 °C. 
= 
Btu/ hr ft 2 OF 
. hNusselt = 1850 
Ther efore h o ~ 1.20 hNusselt which is of the right orde r of 
difference be tween experiment and Nusselt 's theory. 
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The complete ' set of data obtained in this investigation 
-are s hown in Table I of Appendix ( VII ). 
16.0 A 'IHEORETICAL ANALYS I S OF THE EFFECT OF MECHANICAL 
OSCILLATION OF A HORI ZONTAL COND&~SEa TUBE I N THE 
VERTICAL PLANE ON CONDENSATION HEAT TRANSFER 
COEFFICIENT 
165, 
16.1. Proposed Method of Analysis 
From the experimental r esults obtained as outlined in section 
15.1 and presented in Table I of Appendix VII, it is seen that the 
effect of mechanical oscillation of the condenser tube , causes small 
increases in the average condensation hea t transfer coefficient with 
increasing oscillation intensity . Because the increases in heat 
transfer coefficient are small, it would appear that a perturbation 
method of analysis would be appropriate . TI1is method of analysis 
would give an indication of the initial effects of oscillation on 
conde nsation heat trans f e r. 
16.2. TIle Perturbation Solution 
Because of the small observed increases in the condensation 
heat transfe r coefficient with oscil lation the rate of condensate 
drainage from the tube must increase slightly, hence the average 
condensate film velocity at any azimuthal position on the t ube c must 
also increase by a small amount . Similarly because of the increased 
I/t. 
heat transfer there must be a slight decrease in the average condensate 
film thickness , this assumes that the predominant mode of heat transfer 
through the film is by conduction. 
If it is assumed that at any azimuthal position the me~~ 
velocity of the film unde r conditions of oscillation U' is composed of 
the sum of the mean velocity due to gravitational force s u and a smal l 
perturbation (6) iir velocity due to the averaged effects of 
oscillation of the tube surface. 
TIlerefore (16.2.1.) 
TIle mean velocity due to gravitational forces ul for an assumed 
parabolic velocity profile accordin~ to Nusselt 's theory (Figure 9~1 
and equation 9.2 .8.) is 
u - g S e. sin, (16.2.2.) 
3 )/ 
where ~ v is the local film thickness of the film under OSCillatory 
conditions, ul is the average velocity due to oscillation and is 
considered to be equal to ~. (amax W) sin', (2/11 )amax is the 7r . 
average amplitude of oscillation over a half cycle and tJ is the 
circular frequency of oscillation. (~) is the perturbation ~ameter 
which is considered to be small ~nd dimensionl ess. 
If the discussion on streaming from a horizontal cylinder 
undergoing transverse mechanical oscillations is r ecalled , it will be 
noted that a condition for analysis was that amax/D should be small. 
If therefore the perturbation parameter (E:) is s et equal to 
amax/D then 
(~ ) ul = 2 ( a2max W ) sin ~ 16.2.3 . 
11 D 
and ut = ( g d ~ + 2 ( a2max W ) ] s in ~ --
3 )7 'iY D 
16.2.4 . 
The advantage of using the averaged effect of oscillation as carried 
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out above is tha t the time dependence of u' i s e liminate d . This mean s 
that provide d the heat transfer is predominantly by conduction, an 
analysis can be set up in which the r esulting diffe r antial equations 
will be ordinary rather than partial, and therefore solution eas i e r. 
This means that details of the ve locity dis tribution across the film 
at any ~ cannot be dete rmine d as a function of time . However) the 
main inte r est he r e is to see whe the r the prediction of average heat 
t r ansfe r coefficient is consistent with experime ntal findings . 
Because changes in the average heat transfer coefficient with 
oscil l ation ar e smal l it is r easonable to assume that a t low 
intensities of oscillation, heat transfer across the condensate film 
will be primarily due to conduction. It is now possible to equate 
the hea t r e l ease due to condensation at the vapour-liquid interface of 
t he condensate fi l m to the heat transfer by conduction through the 
fi l m to the tube wall. This is similar to Nusselt ' s assumption . 
From figure ( 9- 1) it is seen that the heat conducted through 
the e l ement of condensate r.d0 which i s of unit l ength 
~ v is k r , [ av - as l' d 0 . , This conduction heat 
<S v 
and thickness 
transfe r is 
equal to the heat release due to ~ondensation , which from equation 
( 9. 2.9.) is ! hfg , d [ ut, d v' 1] 
~ [av - as 1 d ~ = r hfg , d [ut S v 1] 
Ov 
Therefore 
16.2 . 5. 
Substitut ing f r om 16.2.4 . for ut i n 16 . 2 . 5 . and r e-arranging resul ts in 
16.2.6. 
hand side of 16.2.6 . when expanded is 
sin 0. d6 v + b ~. cos 0 · d 0 + ~ (?)(a2m~x {J){ s in o db v + 
$v cos 0·d fl}] 16.2 .7. 
Putting l av - as 1 = B = Constant as for the Nusse1t 
solution and putting = 
Equation 16 .2. 6 . wi th expansion 16.2 .7. becomes 
d fl 't
v
3 C] o B+ Dov .sinfl B+r6~J COS fl d fl 
Putting M = 1 
B 
and "(' = N,16 . 2 . 8 . becomes 
B 
3 ( 3 • M 0 
v 
+ N S ) ctSv + (M (' 4 v __ 0 v 2 + N cS v) cot fl = cosec 0 
dl<l 
Putting 3 M 0 ~ 
4 
+ !i · 8 e 
2 
= Z 
then d Z = (3 M 33 + NS v ) d$ v 
d I<l v d 1<1 
Now e quation 16 . 2 . 9. can be written as 
dZ + (t. Z + ~ 6 eJ cot fl = cosec fl d0 
16. 2 . S . 
16.2 . 9 . 
16.2.10. 
16.2.11 . 
In the abse nce of oscillation N = 0 and Z = Zo and 16.2.11. becomes 
dZ~ 
d0 
+ 4 Zo cot fl = cosec fl 
3 
Subtracting 16 .2.12. from 16.2 .11. 
16.2.12. 
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16.2.13 
Now Z ; Zo + P ) where P i s the pe rturbation to 20 ; therefor e 
(Z - Zo) ; P and 16.2 . 13 becomes 
dP +:!.. P cot i:! + 
di:! 3 
!'I: ~e cot 
3 
i:! : 0 
Now P should be small if NO! is small. 
3 
16.2.14. 
From the discussion of Nusselts theory, the solution of equations 
of the type given by (16.2.14) was carried out in appendix In. 
Using the same method as in Appendix m the following expr ession is 
obtained for P. 
p : 1 [ -3 fb ~ cos i:! sinl !3 i:! di:! + Cl ] 16.2 . 15 
sin4!3~ 
By the same r easoning as for the Nussel>t solution the constant Cl 
llierefore cos i:! sin1!3 i:! ·di:! 16.2 . 16. 
and Z ; Zo N!3 S £) s ~ 
sin4!3 i:! 0 
cos i:! sin1!3 £) d£) 16 . 2.17. 
The solution of (16.2.12.) according to the me thod of Appendix III 
gives 
Zo : 1 r sin1!3 (I) d £) 
sin4!3i:! 0 
16.2.18. 
, 
but from Nusselts theory (equation 9.2.13) 
16 . 2.19 S 4 : Y: 4 1 r: sinl/3 £) d f/J B 3 sin4!3 i:! 
Therefore Zo: 3 S 4 : 3 . Y 16.2.20. 
4 B 4 
where S ' iS the condensate film thickness according to Nusselt. 
; 0 
/~f. 
I 
Therefore Z = 3 
4 
y -
To solve 16 .2.21 for Z it is necessary to 
0. As this i s not known) 
dete rmine d v. 
Gln iterative 
cos 0 sinl / 3 0 d 0 
16.2.21 
linow S v as a function of 
procedure is adopted to 
To start the iteration it is assumed that where from 
• Nusselt s theory 
gives Zl ' wher e 
= 3 
4 
It is known from 
Z = 
Ther efore bv 
y 
(y . B)~ . 
N/3 R 
sin4/ 3 0 
16 .2.10 that 
3 • M S ~ + 
4 
+ (~~)2 
Therefore the first iteration 
y! . cos 0 sinl / 3 0 d~ 16.2.22 
+ 4 
3 
16.2.23 
16.2.24 
Hence using Zl from (16 . 2.22) a better approximation to 0 v is 
obtained from (16.2 . 24) . TI1is value of S v is then used in 
(16.2.21) to generate Z2 which gives a better appr oximation to 0 v 
from (16.2 . 24) . Because the difference between ::i and & v is small 
J convergence of the iteration is rapid . The computation outlined 
above was programmed for " digital computer , the computation flow 
diagram being shown :belt;!';,; The value of Y f r om Nusselt's 
theory was re-evaluated irom (16.2.19) , Simpsons rule was used for 
a ll the numerical itegration, r esults for Y and 0 v were calculated 
for 20 interval s from 00 to 1740 • In the computation of ~ v the 
value of B was taken as 4 . 35 x 10-16 ft4 this value was a 
r epr esentative mean for the experiments reported he r e . The 
experimental value of B did not vary significantly because of the 
small variations in t emperature difference between the vapour and 
the tube wall . This was a consequence of the small range in water 
velocities used for the experiments . N was increased in steps of 
3 
1 x 106 from 1 x 106 to 10 x 106 ft- 2 • With values of J of the v 
170. 
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~ f rom ()O-174° Evaluation 
in 20 increments of Y 
f r om 16 . 2.19 
y Evaluation 
y of Zn+l 
N/3 Evaluation for n = 1, 2 , 3 •. • • 
of Z • 
f r om 16.2.21 
.rB' from 16 . 2.22 
Zl Zn+l 
V 
M Evaluation 
of $Vn 
- -
for n = 1, 2 , 3 ... b vn 
N/ 3 from 16.2.24 
Print ~vn 
Computational Fl ow Diagram for Evaluation of S v 
-I 
orde r of 2 x 10-4 ft. the · value 2 of !:i 6 v for !:i = 10 x 106 will be 
3 3 
0.40. Z will be of the order of 2.76 from (16.2 . 10) , but from 
(16.2.11.) it is seen that N S 2 
3 v 
must be small in comparison 
with 4 .Z . 
3 
For N 
3 
= 10 x 106 .... !:i S ~ is approximately 11% of 4 Z 
3 3 
this would r epresent an upper limit to the validity of the me thod 
pre s ented her e , s ince it i s base d on the assumption that the 
pe rturba tions are small. 
The average condensation heat transfer coefficient between any 
angle ~1 and ~2 is defined as 
h = 16 . 2.25 
hence from the computed values of ~ v the term 1 
in 16.2 . 25 was evaluated be tween 0 0 and 1740 for each value of 
N For the case of the Nusse1t solution the t erm 
3 
J~2 1 
1212 - 1211 1211 
was e valuate d be tween 00 and 1740 • 
Therefore Ilv 
h .. 
I ~ ~2 
= B~ dl2l 16 . 2.26 . 
~l cSv 
f2 
~l 7-
TPe computed value s of bv according to 16.2. 26 be tween the limits 
ho 
09 and 174a ar~ shown plotted in figure 16- 1 against N 
3 
The 
172... 
pa rame t er ND2 
3 
can be cas t into a mor e me aningful f orm as s hown 
be low. 
= 
Forming the Vibration Re ynolds Numbe r 
= 
y 
4 
3'\'1 
With the exception of the r a tio (am~ ) 
16 . 2.27 
16. 2.28 
which i s the pe rturbati on 
parame t e r her e , the par ame t e rs occurring in 16.2.28 ar e s imilar to 
those obtained in the discuss i on of the vertica l tube subjected t o 
trans ve r se oscillation in the presence of conde nsat ion. I t i s seen 
that the rati o of the aver age heat trans f e r coefficients with and 
without oscillation i s dependent on the ratio of perturbation 
for ces in the liquid film r epresented osc illatory f orces to mome ntum 
by the parame t er [ k (ev - e s ) ] obtained by Chen (63) . 
- ~ hfg 
Experimental data points from Appendix VII a r e a l s o shown in 
figure 16-1. 
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Fig. 16- 1 
I 
Comparison between Perturbation Theory and Experiment for 
Condensation Heat Transfer on an Oscillating tube . 
Computer read out of y1 is given in '!'abe 11 of Appe ndix VII for 
a comparison with Nusselt's values tabulated in Appendix ~). 
--
17~. 
Computer read out for values of the local condensate thickness S v 
under oscillatory conditions, have also been tabulate d in Appendix VII , 
in Table Ill . These values have been taken from the final itera tion of 
the computer solution and have been tabulated for values of N of 1 x 10
6 
'3 
4 x 106; 7 x 106 ft-2 and 10 x 106 only. It should be pointed out he r e 
that the final values of 5 v were obtained with two iterations for low 
values of N 
3 
but with three iterations for values of N 
3 
greater than 7. 
A comparison of the variation of local condensate film thickness 
according to Nusselt's theory and the Perturbation theory de ve loped he r e is 
- --.......------------
------
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shown in figure (16-2). A value of B = 4.35 x 10-16 ft 4 being used for 
both computations, while N = la x 106 ft- 2 was used for the perturbation 
3 
solution . 
Fig. 16-2 Variation of film thickness of condensate according to Nusselt's 
Theory and Perturbat i on theory. 
16.3. Discussion of Results and Conclusions 
From figure 16-1 agreement between the Perturba tion analysis and 
expe riment i .s seen to exist. Both indicate initial increases of heat 
transfer of the same order with increasing oscillation inten s ity of the 
conden·,er tube . Despi t e the method of plotting the experimental data in 
the form hv/ ho some scat t er in the results is appar ent , however, this 
scatter is well within the e rror tolerance specified in section ( 14·.1 ) 
-~ 
r ) 
and in accord with the scatter of r esult s obt aine d by other worke r s 
in the fi e ld of conde ns ation he at transfer. 
At high intens ities of osc illa tion i . e. N > 10 x 106 
3 
Re v18 J{ hfg 
k (9sat.-90 ) > 
0.5 x 106 
the pe rturba tion analys i s i s not expecte d t o hold . Beyond this point 
the experimental r esults show a c ontinue d gradua l inc r e ase i n heat 
transfe r coefficient with increasing os c illa tion intens ity. The 
176. 
probable r e a s on for the very gradual incr e ase in he at trans f er coeffi c i ent 
with incr eas ing high intensity oscillation s i s the movement of t he 
condensate film back and f orth due t o the osc illa t ion of the condenser 
tube . Figures 16-4 and 16- 6 obta ine d with the a id of the fl ash gun 
trigger circuit de s cribe d earlie r s how the effect of oscilla t i on on 
the condensate film, when compar e d with the condens ate film on the tube 
in the absence of oscillations as shown i n figure (16-3). These 
photographs show that whe n the condenser tube was at its maximum 
pos itive (upward) displacement, the liquid in t he condensat e film 
a ccumula ted on the bottom side of the tube . It can be a s s ume d ther efore 
that 'the c ondensate film thickness was r educed on the uppe r half of the 
cylinder. When the c onden ser t ube , was at its maximwn negative (down-
,ward) displacement the photographs show the r educe d accumulation on the 
lowe r side of the tube . Since the amount of c ondensa t e l e aving the 
surface was not observe d to increase ve ry Si~lificantly over the 
oscillation free case it appears rea sonable to conclude tha t at this 
lower position of tube displac ement ,the conde ns ate film is cause d t o 
"bunch up" t owards the upper part of the tube , this r esul ts in a drop 
in the condensation he at transfer coefficient. The ne tt r e sult is a 
small increase in the ave rage coe ffi c i ent of heat trans f e r f or the whole 
surface, ove r a c omple te cycle of 'oscillation. It is intere sting t o 
note that at the highe st inten s itie s of oscilla tion studie d her e 
(f = 20 c/s a = 0.177 ins) ther e was no break up of the condensa t e 
film and "throwing off" of dropl e ts from ti1.e surface , which might have 
been expected. In fact the behaviour of the film on the tube wa s very 
sim'lar to that observe d by Raben e t al (73). For the inte ns ities used 
here the r atios hv/ ho are s imilar in va lue to those obtaine d by Rabe n 
et al for the same intensities of oscillation. Due to eqUipment 
limitations it was not possible to observe the effect of higher 
intensities of oscillation, howeve r it would appear from the 
photographic e vidence provided here that the condensate film would 
r emain in-tact and that the increase in heat transfer would continue 
but now a greater proportion of it would be due to convective mixing 
in condensate fi lm. Very high intensities of oscillation would be 
r equired to rupture the l iquid film. 
/77. 
From the practical standpoint there appears to be no advantage to 
be gained in utilising vibration of horizontal tubes to cause increases 
in heat transfer, the increases being too small to warrent additional 
cost due to tube fatigue failure and special design considerati.Qns. 
- _._-_._-- --, 
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Fig. 16-3 Filmwise Condensation on a Horizontal Tube i n the Absence of 
Oscillation 
Fig. 16 - 4 Filmwise Condensation on a Horizontal Tube in the presence 
of Mech anical Oscil l ation (20 c ! s, a = 0 .17 ins) Tube at 
Maximum Positive Displacement 
Fig. 1 6-5 Waveform from Di spl acement t ransducer and Pu l se Mark f or 
Condi tions of Fig. (16-4 ) 
178. 
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Fi g . 16-6 Fi lmwis e Condens ati on on a Horizonta l Tube in the Presence 
of Mecha nical Oscill ation (20 c l s a ~ 0 . 17 ins) lube at 
Maximum Neg at ive Displac emen t 
F ig. 1 6-7 Waveform from Displacement Transducer and Pulse Mark for 
Conditions of Fig. (16-6) 
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17.0 OVERALL CONCLUSIONS 
.. 
Overall Conclusions 
In this thesis, the Danckwerts-Mickley surface renewal concept 
has been extended to account for the enhanced mixing in forced 
convection,.free convection and condensation over surfaces, in the 
presence of acoustic oscillation in the fluid medium or mechanical 
oscillations of the heat transfer surface. 
Utilising the surface renewal concept, the ratio of the 
average heat transfer coefficient in the presence of oscillation to 
that in the absence of oscillation has been calculated and found to 
be in good agreement with experiment, in all cases, within the limits 
of the model and experimental error. 
In the case of acoustic and mechanical oscillation effects on 
free convection from heated cylinders in air, it has been shown in 
.. this thesis that the method developed using the. Danckwerts-Mickley 
model could be extended to the case of Grashof Nwnber~O, and the 
results obtained for average Nusselt Number are in better agreement 
with experimental data than the asymptotic solutions of Richardson. 
Finally, experiments carried out by the author on the effects 
of mechanical oscillation in a vertical plane, on condensation heat 
transfer on a horizontal tube show that the effects of oscillation on 
average heat transfer are small, and of no practical significance. 
18~ 
The experimental findings are corroborated by a first order perturbation 
analysis around Nusselts classical theory for laminar filmwise 
condensation on a horizontal cylinder. 
, /$2 .. 
18.0 PROPOSALS FOR FUTURE WORK 
18.1. Future Work 
In the Course of the work carried out and reported in this 
thesis, a number of pr~ems have come to light which need 
. investigation. 
, , 
In the combustion driven acoustic oscillation problem, work 
can be attempted to verify the hypothesis of Kline et al which 
was used by the present author to account for mixing in the 
boundary layer, viz. the superposition of the acoustic energy and 
/83. 
the shear energy in the boundary layer. This would necessitate the 
direct measurement of shear stress in the wall region by means of the 
Preston tube technique (86), (87), (88) - this would appear to be 
the only technique which would be suitable under the arduous 
conditions of operation of a combustion chamber. The measurement 
of the acoustic pressure at the wall will have to be carried out at 
the same location as the Preston tube measurements, and would 
therefore necessitate a crystal pressure transducer suitable for 
operation at high working temperatures. As far as can be 
ascertained from the literature (86-88) the Preston tube technique 
has not· been utilised under the type of c'onditions envisaged here. 
So, a very thorough investigation of this method of measurement 
under the conditions discussed here would be of great practical 
value. 
Arising from the above work, an attempt could be made at 
defining a model to predict the pressure forces on the wall arising 
from the interaction of acoustic pressure and combustion heat. 
release in the wall region. 
In the free convective field, there appears to be scope for 
at least two investigations. The first involveB the interaction 
between the convective plume above the cylinder and an acoustic 
field, because, it is this interaction which appears to. cause 
instability in the wake region. There is a possibility that this 
problem could be related to the instability of fluid jets in 
acoustic fields, some work in this area has been carried out by 
Sato and Sakao (89). 
Secondly, there is the problem of considering the effects of 
acoustic fields on free conv~~tion when free convective forces are 
large. 
\ 
In the field of condensation, a worthwhile theoretical 
investigation would be to include Kapitza's wave motion equations 
in a study of pseudo-Iaminar condensate flow over short vertical 
surfaces and horizontal tubes, and to check for closer agreement 
with the observed data On cond.ensation heat transfer coefficient 
in the absence of non-condensable gases. 
In the area of more direct industrial application, there 
would appear to be possibilities in utilising oSCillatory effects 
in heat transfer in the convective drying of fabric passing 
through oven driers. 
In the process of fabric cleaning, the use of oscillation 
(flapping) of the fabric has been found to be advantageous to the 
cleaning process. The oscillation of the fabric sheet is achieved 
by using the fabric as an interface between jets of water and 
steam parallel to the surface of fabric, because of Helmholtz 
type instability (90) caused by the differing densities of the 
fluids, the fabric flaps, causing efficient cleaning of the fabric. 
A more thorough study of this process might be worthwhile. 
-----------000------------
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APPENDICES 
Appendix L 'Ca) and (b) 
If an elementary parrallelpiped of fluid of side 6 x, 
fly and Az is considered, through which an acoustic pressure 
pulsation is assumed to pass in the x direction only. The propagation 
speed of the disturbance will be the sonic velocity c in the fluid. 
If a sinusoidal pulsation in pressure is assumed then the instantaneous 
pressure p can be expressed in terms of a mean pressure Po as. 
= 
. "'(t e 1. - x ) U" (1) 
The force exerted on the plane through x of the parallelpiped by the 
pressure will be 
lly·Az (2) 
The pressure on the plane through x + t:.. x , by use of Taylor's Theorem 
will be 
Px (x + A x) /:,. y .6 z = P x A y A z + d Px 6 x A y Il z 
ex 
(3) 
The mass of fluid in the paraUelpiped is t A x • Ay. 6 z' and it will 
Z()O. 
be accelerated by the pressure pulsation by dVx in the x direction. 
'dt 
Equating Inertia forces and Nett pressure forces on the element 
6x, I:> y, 6 z results in 
The velocity Vx will also vary in the manner 
-i c.u (t - x ) Vx = Vo e C 
Now dVx = - i . """ . Vx 
0 t " 
dP = + i c..> Px 
ax c 
and 
Hence from (4) and (6) 
(4) 
(5) 
(6) 
(7) 
The sound itensity I of an acoustic wave is defined as the power 
transmitted per unit area in the direction of wave propagation. 
Therefore Ix " Px Vx 
. = ~ Pmax v max (8) 
From (7) and (8) 
Ix = ~ f. v-iax (9) 
c gc 
but vmax = (a max LV) 
Ix = ~ ~ . (a max c.J)2 C 
z 
:1 (a) or Ix 
" t; (a rms wo) (10) C. 
From (7) 
(11) ::1 (b) 
:tol, 
Appendix II 
Zartman Data Run No. 20 
Air Mass' Velocity GA 
Combustion Gas Temperature 6b 
Chamber Wall Temperature e 
Chamber Pressure 
Equivalence Ratio ~ 
S.P.L. 
= 
= 
= 
= 
= 
= 
= 
= 
4810 1bm/hr 
2350 of 
209 ~ 
20 1bf/in2 
0.814 
150.5 db 
4125 c/s 
1.63 
For Stoichiometric Combustion of Propane C4HIO. 
C4 H1O + 6.5 02 + 6.5 x 3.76 N2 
5 H2O + 4 CO2 + 6.5 x 3.76 N2 
'!he equivalence ratio ~ = Actual Propane Air ratio 
Stoichiometric Propane Air ratio 
Since ~ < 1.0 there is an excess of air in the products of 
combustion. '!he products of combustion ~re now. 
H2O = 0.814 x 5.0 = 4.070 
CO2 = 0.814 x 4.0 = 3.256 
Free O2 = 6.5 4.070 - 3.256 = .1.209 2 
Hence Moles of Products are:-
= n Tota1 
4.070 + 3.256 + 1.209 + 24.400 = 32.955 Moles 
ft2 
The absolute viscosity of the mixture can be obtained at the film 
temperature ( Mean ~tween gas and wall temperature) 
from 
/'lmix 
1280 of 
= ~ 
J 
where J is the J th component of the mixture and 1'1 is the molecular 
weight. 
~mix = 2.767 x 10-5 
1280 of 
Ibm/ft sec. 
Now Rmix = 
where Rmix is the gas constant for the mixture and xJ and RJ the ·mole 
fraction and gas constant for the J th component respectively. 
Hence !mix = = 0.0292 Ibm/ft3 
y = 
mix 9.46 x 10-4 ft2/sec. 
(S.P.L.) db 
.= 201og10 [; J 
o r.m.s. 
where Po ~ 0.0002 dyne/cm2 = 0.418 x 10-6 Ibf/ft2 
[ p ] = 
1O(S.P.L./20) 
= 107• 525 
Po r~m.s. 
Hence Pr •m• s • = 14.1 Ibf/ft2 
f C 
C at Tfilm = 2060 ft/sec. 
Hence (armJO) = 7.55 ft/sec. 
Evaluation of v*:-
v* = (0.0333)i V 7/8 [~ r 
. G·= [4810] 
3600 
= 1.339 Ibm/sec.ft2 
~mix @ Tbulk = .0292 x 1740 = 
2810 
·v = G = 74 ft/sec. 
.0181 Ibm/ft3 
1 
v* .= (.0333)i. (74)7/8 • [9.46 x 241! 
104 x 5 
= 4.05 ft/sec. 
Now !:Y [1 + ( .. . .. )2]1 = ar .. m.s.CiJ 
ha v~ 
= [1 + V· 55 f r 4.05 
= 1;48 
This is 10% less than the value of hv obtained experimentally. 
ho 
Appendix iI I 
The solution of Nusselts equation. 
dY sin I!I + 4 Y cos I!I - 4 = 0 (1 ) 
dl!! 3 3 
which is a linear first order differential equation waS carried out 
by multiplying (1) by a factor F (y,l!!) and then determining the form 
which F had to take to make (1) an Exact Differential Equation. 
(1) can be written as 
sin I!I • dY +! Y cos I!I - 1 d I!! = 0 
3 
(2) 
On multiplying through by F, the resulting equation will be exact 
if. 
'lherefore 
F cos I!I + sin I!I 0 F 
00 
= ~ r f . 4 (cos I!! - 1)1 
ay L :3" 
= f. i . cos I!! + i (cos I!! - 1) d F 
3 3 ?Jy 
If it is assumed that f = f (I!!) 
then 
sin I!I i} F 
~ 
= E cos I!I 
3 
Solution of (5) results in 
f" sin 1/3 I!I 
(3) 
(5) 
(6) 
'lherefore Equation (2) multiplied through by F " sinl / 30 is 
sin 4/3 I!I dY + ~ (Y cOS I!I - 1 ] sinl / 3 I!! dl!l = 0 (7) 
The above differential equation is exact and may be written as 
du " 0, or u = constant c. 
Since (7) is exact, then 
l~~ 1 '" (;~ 1 
and du = o = (~u] dY + t;~ 1.d I!I 
. ()Y 
(8) 
(9) 
(4) 
Therefore l;~1 = sin4/ 3 ~ (10) 
J.,o6. 
and (11) 
From (10) u = Y sin 4/3 ~ + f (~) (12) 
where f (~) is a function of ~ 
Therefore :~ LYSin 4/3 ~ + f (~) 1 = 4 [Y cos ~ - 1] sin 1/3 ~ 
3 
(13) 
and 4 Y sin 1/3 ~ cos' ~ + df (~) 
3 J ~ 
= 4 Y cos ~ sin 1/3 ~ - .! sin1/ 3 ~ 
3 3 
hence d f (f1!) = - 4 sin 1/3 f1! 
~ f1! 3 
and f (~) = - 4 r sin 1/3. f1!. d f1! (14) 
3" J 
u = Y sin 4/3 ~ -.! S sin 1/3 ~ d ~ = c (constant) 
. 3 
'lherefore Y =. l' [.! f sin 1/3 ~ d ~ + c] (15) 
sin4/3 ~ 3 
Appendix IV 
Results of Numerical Integration of Equation (9.2.16) according 
to Nusselt ~ Jakob (57). 
~o y = £4 
B 
0 1.000 1.000 
5 0.963 0.991 
10 0.991 0.998 
20 1.013 1.003 
30 1.049 1.012 
40 1.097 1.023 
50 1.156 1.037 
60 1.247 1.057 
70 1.359 1.080 
80 1.513 1.109 
90 1.714 1.144 
100 1.985 1.187 
110 2.365 1.240 
120 2.905 1.306 
130 3.733 1.390 
140 5.081 1,501 
150 7.588 1,660 
160 13.317 1,910 
170 34.385 2.422 
175 87.733 3,061 
180 .00 00 
'-07. 
Appendix V 
I: X la I 
. I 
t 
z = Zo sin4)t 
and = sin 'it x 
t 
K.E. of vibration at x for deflection of z at time t is 
Using the r.m.s. value of zat x 
1 K.E. of vibration is -:~-4gc 
The mean deflection of the Beam 
l 
Zo = ao [ sin 11 .! 
T o t 
at 
dx 
Therefore K.E. for mean deflection 
K.E.. = 
maximum amplitude 
= 2 ao 
1r 
of the beam is 
is 
APPEN 0\)( '!l.! 
Fig. 1 Specimen Calibration of Copper Constantan Thermocouples 
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Fig. 2 Calibration of Venturi Tube for Water Flow Measurement 
Fig. 3 Sanborn Displacement Transducer Calibration 
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Fig. 4 Specimen Calibration of Resistance of the Copper Condenser Tube 
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~ AEpendix VII Table I I ~ 0 
I 
" 
MCD 
'H I 
.<:: +' g. ~ tII CD'" N 
'" 
~ +' p;: 
.>: +' 'H 
.... 
mw . ewi Q 9,n So-Si k(Ssat':'So) 
till A 
* ~. ewe So Ssat-Sv h f a Rev N h~ 
'il I~ ;i ;i,Ibm/~"'oC .cc chu/hr DC 2 °c DC Btu/ c/s ins hfg elii 
oC hr ft20F 
ZIM';< M ho 
11 
(1) 26.7 15.40 22.80 11,85077.2 0.58 77.78 23.32 2190 1G50 
(2) 24.6 15.5 22.5 10,310 78.6 0.51 79.11 22.0 2020 1870 
(3) 24.6 14.2 21.8 11,200 78.4 0.55 78.95 22.15 2180 20 0.165 12.3 x 10-3 33,700 2.32 x 105 1.08 
(4) 24.4 14.3 21.8 11,000 78.4 0.54 78.94 22.16 2140 20 0.110 12.3 x 10-3 22,450 1.03 x 105 1.06 
(5) 24.4 . 14.3 21.8 10,000 78.4 0.54 78.94 22.16 2140 20 0.055 12.3 x 10-3 1l,225 0.2575 x 105 1.06 
(6) 22.2 18.0 27.75 12,950 82.79 0.68 83.47 17.63 3160 2300 
(7) 23.1 18.2 27.30 12,500 83.50 0.59 84.01 16.09 3360 80 0.025 9.6 x 10-3 20,840 0.279 x 105 1.062 
(8) 22.75 18.75 28.8 13,700 84.19 0.67 84.86 16.24 3640 20 0.155 9.0 x 10-3 32,400 2.86 x 105 1.150 
(9) 22.95 19.1 27.5 11,55081.00 0.57 81.57 19.53 2550 2240 . -
(10) 22.88 20.1 29.0 12,200 82.50 0.65 83.15 17.95 2930 60 0.032 10 x 10-3 20,100 0.329 x 105 1.150 
(11) 23.33 .. 19.0 27.8 12,33081.00 0.61 81.61 19.49 2720 2240 
(12) 23.2 20.48 29.49 12,500 82.00 0.62 82.62 18.48 2920 40 0.055 10 x 10-3 22,800 0.621 x 105 1.070 
(13) 23.2 21.0 29.8 12,280 81.50 0.59 82,09 19.01 2780 40 0.038 10 x 10-3 15,710 0.288 x 105 1.020 
(14) 22.65 15.5 23.0 10,200 82.60 0.500 83.10 18.0 2440 2180 
(15) 23.9 16.5 23.2 9,625 79.6 0.47 80.07 21. 03 1970 1890 
(16) 23.9 16.5 24.2 11,03079.4 0.54 79.94 21.16 2260 20 0.166 11.8 x 10-3 34,200 2.45 x 105 1.148 
(17) 23.9 17.0 24.4 10,60078.6 0.52 79.12 21.98 2080 30 0.110 12.2 x 10-333,600 1.55 x 105 1.058 
(18) 22.1 15.1 23.0 10,490 BO.2 0.52 BO.72 20.38 2220 40 0.055 11.3 x 10-322,600 0.561 X 105 . - 1.128 
(19) 22.1 15.1 23.4 10,350 79.4 0.51 79.91 21.19 2110 50 0.040 11.8 x 10-320,500 0.355 x 105 1.070 
(20) 22.1 15.9 23.9 10,600 79.2 0.52 79.72 21.38 2140 60 0.028 11.9 x 10-617,200 0.208 x 105 1.085 
I 
, 
I 
Ssat = 101.1 DC I 
I 
I 
I 
I 
------
.,.; Appendix VII Table I continued ;( 
,.... 
~~ ... I .<:i ..., 
;. (])~ [f< 
m ~ 
," 0:: .!<I ., 
..., ... 
"'10 ..... 
'" Il; 
mM 
mv .' ewi Elwe Elm 80-8i 80 8sat-8v h k(8sat-8o) Rev '" Ul.<:i Q f a 0 Ul'- ." hv • "';:s 
1 bm/~''''' °c °c chu/hr °C 2 °c °c Btu/ c/s ins hfg zl'" h l~ ho 
°c hr ft
20F 
(21) 28.6 17.8 24.4 11,310 76.4 0.56 76.96 24.14 2020 1820 
(22) 28.6 17.6 24.2 11 ,310 77.0 0.56 77.56 23.54 2080 20 .028 13 x 10-3 5550 0.060 x 105 1.03 
(23) 28.6 18.5 25.2 11,500 77.0 0.57 77.57 23.53 2115 20 .055 13 x 10-3 11,100 0.240 x 105 1.045 
(24) 28.2 18.6 25.3 11,320 77.0 0.56 77.56 23.54 2080 20 .083 13 x 10-3 16,650 0.541 x 105 1.03 
(25) 23.8 15.9 23.7 11,120 78.0 0.55 78.55 21.95 2190 1875 
(26) 23.8 15.9 23.9 11,410 78.0 0.56 78.56 21.94 2250 40 .045 12.1 x 10-3 ll,890 0.163 x 105 1.05 
(27) 29 19.6 26.0 ll,150 76.6 0.55 77.15 23.95 2010 1830 .-
(28) 27.9 20.5 27.1 11 ,050 77.5 0.54 78.04 23.06 2090 50 .038 12.8 x 10-319,500 0.229 x 105 1.04 
(29) 27.9 20.5 27.2 11,200 76.6 0.55 77.15 23.95 2010 60 .028 13.3 x 10-317,200 0.182 x 105 1.00 
(30) 22.65 16.3 24.8 ll,500 81.8 0.56 82.36 18.74 2640 2040 
(31) 22.85 17.0 25.25 11,300 83.0 0.56 83.56 17.54 2775 20 .025 9.9 x 10-3 5,230 0.069 x 105 l.05 
(32) 22.63 17.25 25.38 11,050 83.9 0.55 84.45 16.65 2860 30 .045 9.3 x 10-3 14,150 0.352 x 105 1.082 
(33) 22.88 17.0 25.3 11,400 83.0 0.57 83.57 17.53 2800 40 .025 4.8 x 10-3 10,500 0.133 x 105 1.06 
(34) 22.68 16.8 25.3 ll,550 83.0 0.57 83.57 17.53 2850 80 .023 9.8 x 10-3 19,050 0.230 x 105 1.08 
8sat = 101.1 °c 
_." -.,.. - \' 
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Appendix VII 
Table II . .. - . ._L:~ -...... _ 
. -. '" . 
!1l0 yi . rP y! . 
. 0.0 . 1.0000 88,0 l.t377 
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SUMMARY 
In this paper a method is presented for the computation of the heat transfer 
coefficient in a Gas-Air burner in the pres.ence of combustion driven transverse 
mode oscillations. 
By considering the oscillations in pressure within the chamber to be smail 
. 
compared with the mean chamber pressure, and to be known, methods of acoustics may 
be used to determine the a·verage energy density of the acoustic waves at the wall. 
Considering this acoustic energy to create greater mixing in the boundary layer 
enaMes the heat transfer problem to be considered by the Dankwerts-Mickley Model 
for turbulent heat exchange. With suitable definition of a friction velocity in 
terms of the friction velocity 11/' 'Jfr' for fully developed turbulent pipe flow and 
the root mean square particle velocity of the acoustic wave. (0. r.m.s.W ), it is 
found that agreement exists between the computed ratio of heat transfer coefficients, 
with and without combustion driven oscillations and the experiments of Zartman(lO), 
which appear to be the only experimental data for transverse oscillations in a 
gas-air burner. 
liE CALCULATION OF HEAT TllIINSFER COEFFICIENT FOR COMBUSTION DRIVEN 
RANSVERSE OSCILLATIONS IN A GAS-AIR BUHNER 
J. C. Dent 
Department of Mechanical Engineering, 
Loughborough University of Technology, 
Loughborough, 
Leicestershire, 
England. 
The occurrence of oscillations in combustion systems under certain 
conditions of operation was observed as far back as 1777,(1) but with the 
advent of jet and rocket propulsion systems a systematic study of this 
phenomenon has been undertaken. 
The types of oscillation to be considered here are those associated with 
the aerothermochemistry and acoustics of the combustion system, in which the 
frequency of the oscillation corresponds to one or more of the resonant 
acoustic modes pertinent to the geometry of the combustion chamber. 
The acoustic modes in their pure form for a cylindrical geometry are:-
(1) Longitudinal 
(11) Transverse 
(lll) Radial. 
The transverse mode can be of either a "Sloshing" or a "Spinning" form. 
The above designation describes the motion of the fluid in the chamber. 
Figure (1) illustrates the various forms of oscillation in the absence of bulk 
flow of gas through the chamber. 
In rocket motors (2),(7) where high energy fuels are used at high 
combustion chamber pressures, combustion driven oscillations are possible. 
These oscillations result in large fluctuations of pressure and velocity and 
increased heat transfer to the chamber walls, which,can destroy the chamber in 
a very short period of time. However, Reynst(3) , Francis et al (4) and 
others (1) working with commercial hydrocarbons and pulverised solid fuels and 
·air,at moderate combustion chamber pressures, have endeavoured to investigate 
controlled combustion driven oscillations with the view to their application 
in reducing the size of industrial boiler plant. 
The theoretical and experimental work reported in the unclassified 
l ·t t (1),(5),(6),(7),(8) 1 era ure has been associated in the main with rocket, 
jet afterburners and"ram.iet systems, where the main concern has been the 
suppression of combustion driven oscillations of all types. Therefore, the 
aim of much of this work has been in determining the Chemical, Geometric and 
Aerodynamic factors giving rise to combustion oscillationj and to set up 
=--""'''?+'ii!''.r. 
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suitable limits within which stabie operation of the system is possible. 
Since the transverse modes of oscillation have been found to give the largest 
increases in heat transfer, it is this mode which 'will receive attention here. 
Any attempt at calculating the convective heat transfer coefficient be.tween 
the combustion gases and the chamber wall by a consideration of the detailed 
fluid motion within the chamber would be extremely difficult. Therefore .. a semi-
empirical approach to the problem would appear more probable. 
The frequency of fluctuations in pressure and velocity during combustion 
driven oscillations can be readily calculated from acoustic theory, and the 
. .... (2) (5) (10) 
results have been found to be ln good agreement wlth experlment. ' , 
However, the magnitude of the pressure and velocity fluctuations cannot be 
predicted, because in the case of the rocket motor, the wave phenomena caused 
by the coupling of the combustion heat release and the acoustic waves in the 
chamber are outside the scope of acoustics, which is based on the assumption of 
small perturbations. In rocket motors the transverse. mode is usually of the 
"Spinning" variety, whereas for the lower combustion intensity afterburner 
and ramjet the mode is likely to be of the "Sloshing" type. One can therefore 
think of the "spinning" mode as an overdriven Itslosh ing" mode. 
In the combustionchamber studied by Zartman(lO) using a Propane-Air mixture 
at moderate combustion chamber pressure,the level of the combustion driven 
oscillations were such that acoustic theory would be applicable. Before the 
-magnitude of the pressure fluctuations in the combustion chamber can be 
calculated by acoustic met.hods, the phasing of heat release to the acoustic 
disturbances in the chamber due to flow and geometric considerations must be 
known. This type of information 
obtained from experimental data. 
is not generally available, and can only be 
(10) . Zartman dld not obtain data of this type, 
but measured the pressure fluctuations at the wall. If it is assumed then that 
from semi-empirical data the fluctuations in pressure at the chamber wall are 
known fOr a given geometry, fuel and flow condition, this paper presents a 
method by which the computation of the convective heat transfer coefficient 
from the hot gases to the chamber wall may be carried out. The results 
obtained by the method of this paper are compared with the experimental data 
(10) . 
of Zartman who was concerned solely w~th the measurement of heat transfer 
coefficients during combustion driven oscillations. 
. .. -
222. 
- 3 -
lEORY 
In the study of interphase mass transfer Dankwerts(ll), (12) put forward the 
netration model for the process. This model was later incorporated into a more 
neral discussion by Toor and Marchello, (13) who applied it to the case of heat or 
ss transfer in turbulent pipe flow. In essence the heat exchange model of ref. 
3) considers the laminar sub layer adjacent to the pipe wall to be penetrated by 
umps" of fluid from the turbulent core and to exchange heat with the wall in a 
ansient manner before being displaced into the core by fresh fluid lumps from that 
gion; the whole process taking place randomly and at high frequency. A similar 
del was put forward by Mickley and Fairbanks(14) for the transfer of heat in 
uidised beds. Here aggregates of particles are considered to randomly move to 
e containing wall, exchange heat with it in a transient manner and then be. replaced 
fresh aggregates from the core of the bed. These models have been put forward 
r complex mixing processes because detailed mathematical description of the fluid 
tion is not possible. 
Male et al (2) from a photographic study of the "Spinning" mode of transverse 
cillations in a rocket motor conclude that it is possible that the high rates of 
at transfer were due to turbulence, which caused macroscopic transfer of the gas 
the chamber wall. Similar gas motion was observed in the photographic studies of 
ieg (15) on a rocket motor in which the "Spinning" transverse mode was present. 
is reasonable to assume that a similar gas motion would be observed with the 
loshing" trans-:erse mode of gas oscillations; but with the absence of the 
avelling detonation front, which is present in high intensity combustion rocket 
stems .which are in a HSpinning" transverse mode of oscillatior. . 
If one considers the effect of combustion driven oscillations in the transverse 
oshing mode to promote high frequency mixing in the laminar sub layer at the wall, 
en it is possible to apply the Dankwerts- Mickley model to the calculation of the 
at transfer coefficient between the gas and chamber wall. 
From the Dankwerts-Mickley Model the heat transfer coefficient between the fluid 
dium arid the containing wall is given by. 
(1) 
e details of the derivation of equation (1) are to be found in references (13) and 
The important quantity in equation (1) is the mixing coefficient S, which is 
ntrolled by the fluid dynamics and geometry of the particular situation. 
Toor 
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and Marchello 
(13) show that for turbulent pipe flow So is proportional to 
-
N o·S 
:L lie • 
D 
(16) 
In the theory of turbulent boundary layers the friction velocity 
224-. 
is 
used as a measure of turbulent eddying, and of the transfer of momentum due to these 
proportional to V ·if eddies, and it is known (16) that 'V' is 
'1'. N 0'6 
_ lie 
, therefore if So 
is set proportional to then 
J) 
h. ..,.* -]) 
(2) 
It is shown in the Appendix that the value of h.. computed from equation (2) with 
the selection of a sui table value of the proportionality constant j3 ,will be 
in substantial agreement with the value of h.. computed from the McAdam 
Correlation (17) NN ... =O.02.'S N::6N;:~ith Nrf"" 0·73 
and 10,000 6: N~cf 120,000 
The next step is to set up a form for the mixing coefficient when a 
turbulent bulk flow with simultaneous transverse acoustic gas oscillations exists, 
Now *2 PV :: (3) 
'3G 
Due to the gas oscillation the average energy density (18) in the acoustic 
wave is. 
I 
c 
for a wave of sinusoidal form 
-
-
If one considers that because of acoustic oscillations which are superimposed 
on the bulk 
supplements 
modified to 
fl~W, the average energy densi~ of the acoustic wave at the wall 
the frictional energy P 1\1'". J then the wall shearing stress 
'9, 
where 
(5) 
is 
--~.-.. ---,-.-.-.-.. ~ .,---.---- .. -_. 
- 5 -
. .If't 
If a friction velocity ~ is defined, and the mixing coefficient 
**No.g ... *' J 11:i1. t. ;\1 
et proportional to "V' R, where 'V" = 'V' + \Or."',s,<.J) 
J) 
'Ii'" ·N 0·8 
/If Rc 
]) (6) 
then:-
'he proportionality constant must remain as f if this were not so then with • 
(a.,..m.i W);;;: 0 , h .. 
h .. 
• 
• • 
=1= 
Comparison with Experimental Data 
I , 
For fully developed pipe flow(16). 
substituting for "(",,, in equation (3) and rearranging 
(8) 
where Y in equation (8) is evaluated on a molal average basis at the mean of the 
225", 
gas an~ wall temperatures. . 
·In the evaluation of (0." .... $. w) from the measured acoustic intensity, the following 
assumption was made. The measured Sound Pressure Level at a point just upstream of 
the flameholder is the same as that at the point at which heat transfer measurements 
. (18) 
were made. Thi~ assumption appears reasonable in the. light of experimental evidence 
on a burner with flameholder in wldch. a small peak pressure was observed just 
. downstream of the flameholder; but over the remainder of the downstream length and 
part of the length upstream from the flameholder the pressure amplitude level was 
approximately constant. The following conversions were "sed in determing (Or ....... '" ) 
from the measured sound intensity in decibels(20) 
- 6 -
ound Pressure Level (S.P.L.) db = 2010g10 
r.m.s. 
here Po = Reference Pressure Level = .0002 dynes!cm2 
(o.r.",.s. w) 
Only transverse oscillation data for the 17~ inch burning length were taken fro~ 
reference (10), all property values being evaluated on an average molal basis at 
the average of gas and wall temperature; The reasons for using the 17! inch data 
were (1) the effects of the combustion reaction at the point at which the heat 
transfer measurements were being made would be minimal, (2) the flow at that pOint 
corresponded closely to the fully developed condition on which the method presented 
in this paper is based. 
Equation (7) is plotted in Figure (2), with the experimental data of reference 
(10) shown. A least squares plot of the data assuming a slope of i for a linear 
law is also shown. The standard deviation between the experimental data points 
and equation (7) is 0.11. 
A method has been· presented by which the heat transfer coefficient between the 
gases and the wall of a combustion chamber may be computed, when the gases are in a 
transverse mode of oscillation in which the pressure fluctuations are small compared 
to the mean· pressure in the chamber, and provided that the pressure fluctuations at 
the wall are known. The method indicates a continuous change in the heat transfer 
coefficient with intensity of oscillation, whereas Zartman observed increases in 
heat transfer occurred, only when the S.P.L. exceeded 130 db. However, at 130 db 
the increase predicted by the method here would fall within the range of normal 
experimental error for heat transfer during oscillation free combustion. At the 
226. 
high ·intensities, greater than 140 db., agreement exists between the method presented 
here and experiment. However, further experiments are required to completely 
verify the method put forward here. Experiments are also required to attempt to 
obtain a relation between burner geometry, operating conditions and Air-fuel Ratio, 
with S.P.L. within the chamber. If this can ·be donei then all the information 
necessary for predictihg the performance of complete burners employing combustion 
driven transverse oscillations will be available. 
.. " 
APPENDIX 
For fully developed turbuolent flow in a pipe 
11< o·g 
50 proportional to '" NRe 
'D 
where ; constant of proportionality 
-
-
For fully developed turbulent pipe flow from reference (16) 
. 
. . 
- 1;, 
V 
N 'I". Re 
McAdam Correlation reference (17) 
o·s 
h .. 1> C.oa'3 NRe 
R -=-
valid in range 10,000 .I- Ntt .I- 120,000 eo 
0.7 £ .::... 120 
-
where 
0-4 Np,. 
(AI) 
(A2) 
Nl' ... 
The results from (AI) and (AZ) agree to within 6% when Cl ; 0.0162 and 
N
pr 
= 0.73 for the range 10,000 ~ NRe ~ l20,000,a slight divergence in 
resulfs occurs with increasing NR e 
227. 
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C, 
C p 
J) 
f 
~c 
I 
~ 
Nw" 
Na •. 
Nfr 
l' 
R 
5 
Particle Amplitude 
Sonic Velocity 
NOTATION 
(L) 
(Lit) 
A Constant (Dimensionless) 
Constant Pressure Thermal Capacity (L2/t2T) 
Combustion Chamber Inner Diameter·(L) 
Frequency of oscillation (lit) 
Gravitational Const&nt (Dimensionless) 
Convective heat transfer coefficient (M/t 3T) 
Intensity of Acoustic Wave (M/L t 2 ) 
Thermal Conductivity (ML/t 3T) 
Nusselt Number (Dimensionless) 
Reynolds Number( 
Prandtl Number ( 
Pressure 
" 
" 
) 
) 
Inner Radius of Combustion Chamber (L) 
Mixing Coefficient (lit) 
~ Particle velocity (Lit) 
\I'lli'; V' 'If. Friction velocities (Lit) 
iJ Mean Free Stream velocity (Lit) 
~y AK·const~ntv~Dime~sion(Ll;/sSt» 
1nemat1c 1SCOS1ty 
f. Density (M/L3) 
~w Shear Stress at wall (M/Lt2) 
W Circular Frequency = 2 'iY .:f (lit) 
Subscripts 
o Conditions of fully developed pipe flow and no oscillations 
V Conditions of fully developed.pipe flow with oscillations present. 
Other subscripts defined in text. 
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NOTATION 
Primary Dimensions 
Mass (M), Length 0:.), Time (t), Temperature (a) 
.. 
CL Amplitude of vibration (L) 
<:p Constant Pressure Thermal Capacity (L2/t2 a) 
f Vibration frequency (lit) 
GR, Grashof Number based on Length of Plate (Dimensionless) 
~ Average Convective Heat Transfer Coefficient (M/t3 a) 
~ Thermal Conductivity (ML/t3 a) 
L- Length of Vertical Plate or plane surface (L) 
~ Dimensionless Constant 
~. Vibration Reynolds Number (Dimensionless) = 
"8 S Mixing Coefficient (1.lt) 
\i Fluid Velocity (Lit) 
;v' Kinematic Viscosity (L2/t) 
~ Density (MILl) 
~ Circular frequency (lit) 
,sUBSCRIPTS 
, . 
. V Pertaining to conditions with oscillation present 
Vo Pertaining to conditions at the critical vibration 
0 Pertaining to conditions in absence of oscillation 
R.M. S. Root Mean Square 
Other subscripts defined in text 
l 
I 
intensity 
. '23s. 
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Heat Transfer From a Vertical Transversely Vibrating Plane Surface to Air by 
Free Convection 
J. C. Dent, 
Department of Mechanical Engineering, 
Loughborough University of Technology. 
The object of this communication is to show how the Danckwerts-Mick;,ey 
Model ·for turbulent exchange may be applied to the above problem under 
conditions of transition to turbulence in the boundary layer. 
Experiments (1], [2] with 6 and 8 inch plates respectively, showed 
that at low intensities of vibration (intensity = <Af) there are small 
decreases in heat transfer coefficient compared with the stationary plate, the 
boundary layer was observed to remain laminar. With increasing intensity a 
critical condition was observed at which transition occurred at the top of the 
plate, the turbulence being generated in the outer region of the boundary layer 
and propagating towards the surface • Intensities above the critical produced 
. large increases in the heat transfer coeffiCient. 
Experiments (3], (4J on transition in free convective boundary 
layers on stationary plates, showed that turbulence originated in the region 
of the point of inflexion in the laminar velocity profile,' and propagated towards. 
the surface. The fluid velocity at this point being 0.683 \I~A~. for air; 
V~ being the maximum velocity in the laminar boundary layer at the point 
.-,A)C.. 
of transition. 
From the Danckwerts-Mickley Model (5) for the turbulent heat exchange 
between a forced fluid flow and a stationary surface.' 
(1) 
The mixing coefficient S depends on a characteristic' velocity and length of rhe 
system and the Reynolds number. For the problem under discussion here, with 
intensity greater than the critical, S will depend on a characteristic velocity 
Vy the length of the surface and the Grashof number. It has been found [6] 
for the case of superimposed acoustic vibration on turbulent flow, that S could 
'be defined when the acoustic energy supplements the kinetic' energy due to . 
turbulence. Here it may be assumed that the vibration kinetic energy supplements 
the kinetic energy of the fluid in the critical layer so that 
(2) 
;' 
• 
- - -----c-~------------------------------______ _ 
- 2 -
In a manner similar to [5] but replacing the Reynolds number with Grashof 
number. 
s (3) 
If it is assumed that at the point of transition vibration does not supplement 
the energy of the boundary layer) then 0.683 V......... is substituted for V" in 
(3). Also, at transition we know that hvo ~ ho ; hence from (1), (2) 
and (3) and the foregoing argument 
-
= II + ;;'.14 ~a~ w jy4 h" 
ho (4) . V" .... 
If v,.,,~ is ·expressed in terms of the Grashof number bl and transition 
is considered to take plate at x = L then 
(5) 
2.!>S. 
In the derivation of the foregoing equations it has been assumed that t:.$" =.t.eo, 
for comparison with experimental daU1 (1] 
flux, it is necessary to correct for this. 
[2] obtained at constant heat 
·Suhstituting (5) in (4); correcting for temperature and defining a 
Vibration Reynolds Number we have 
= 
Equation (6) with experimental data 
The critiGal Vibration Reynolds number will depend 
,the static plate; the variation of r Re;'8 1 
. l G ~4I JCftll"l~AL 
on the 
with 
Grashof number for 
GRo from data (l1i 
. (2}·iS shown in figure (2). This gives the lower limit of validity of (6). 
The upper limit of validity of (6) would occur when vibration forced 
convection controls; this can be said· to occur when the heat transfer coefficient 
for free convection at the centre of the plate is 10% of that due to vibration. 
For free convection the local coe~Iicient at the centre of the plate 
h.7'2. ,(8) is 
. h. L/2. 
- . 1/4 
oC o· 214 GRo 
'-------------~------------ - -
(7) 
- 3 -
For vibration forced convection, assuming laminar flow conditions )h. s · at 
stagnation pOint at centre of plate J [9] is 
Hence 
~ 
R evll'\ 
GR .. 
h ro. wl1 
saC l y . (8) 
""'11 (9) 
The range of data in Ll] and (21 did not permit verification of 
(9). However. using arguments similar to above but modifying the equations 
for geometry LID] , the data. of ~11 for free convection from horizontal 
cylinders executing large amplitude transverse vibrations gave an average 
value of ~Rev~i}] ~ 80 whereas· prediction gave approximately 120, the 
l GRo F~el> 
discrepancy is to be expected because of the simplifying assumptions made 
including neglect of turbulence • This indicates that the right hand side of 
. (9) should be approximately 7. The method discussed here would not be 
appl icable for GRo~ 1. 5 x 108 as a turbulent boundary layer would exist 
on the stationary plate. 
Using the Danckwerts-Mickley Model for turbulent heat exchange a 
method has been developed for the calculation of heat transfer from a 
transversely vibrating plane surface to air by free convection, under conditions 
'of early transition to turbulence caused by the vibration. Agreement has been 
shown between prediction and available experimental data, and a tentative ·u~per 
limit of [ R«~8 1. ~ 7 GR. J 
is vibration forced. 
has been set above which the convective process 
1. 
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THE EFFECT OF VIBRATION ON 
CONDENSATION HEAT TRANSFER 
TO A HORIZONTAL TUBE 
By 
J. C. Dent 
Loughborough University of Technology 
Department of Mechanical Engineering 
." . 
Summary 
An exploratory study was carried out on the condensation of air free 
steam at a pressure slightly above atmospheric, on a horizontal condenser 
tube vibrating in the plane of the gravitational field. 
Experiments conducted in the frequency range 20 - 80 c/s with 
maximum amplitudes up to 0.17 ins, showed that the condensation heat 
transfer coefficient increased with increasing intensity (a'f) of vibration, 
up to a maximum of about 15%, above the vibration free value. A 
perturbation analysis verified the experimental findings. 
Because of the small observed increases in heat transfer, it can 
be concluded that tube vibration effects on condensation heat transfer in 
Power Plant condensers will be negligible. 
Notation 
Fundamental Dimensions M, L, T, t 
a Amplitude (L) 
A Outside Surface Area of Condenser tube (L)2. 
Thermal Capacity 
D Outside Diameter of tube (L) 
f Vibrationfrequencey (l/t) 
g Acceleration due to gravity (L/t2) 
h Condensation heat transfer coefficient (M/t2 T) 
. hfg 
k 
. 
m 
"-',- -
r 
u 
0 
v 
Wo 
wi 
sat. 
sur 
Enthalpy of Vapourisation (L2/t2) 
Thermal Conductivity (~~/t3T) 
Water mass'flow rate (M/t) 
Condenser tube radius (L)·· 
. Velocity of Condensate film (L/t) 
Co-ordinate Normal to Surface of tube (L) 
Local Condensate film thickness (L) 
Perturbation Parameter (Dimensionless) 
Angular Position on tube ( 0 or radian) 
Absolute Viscosity (M/L t) 
Kinematic Viscosity (L2/t) 
Densi ty (M/L3) 
Temperature (T) 
Circular frequency (rads/t) 
Suffices 
in absence of vibration 
in presence of vibration 
water outlet 
water inlet 
Pertaining to conditions at saturated vapour state 
Pertaining to surface 
Other notation and suffices defined in text. 
= ... ~ 
Z42. 
·, 
The Effect of Vibration on Condensation Heat Transfer to a Horizontal Tube 
It is known that a certain amount of tube vibration in the plane of 
the gravitational force is· present in the normal underslung power plant 
condenser. It is possible that the forces due. to vibration acting on the 
condensate film will supplement the forces due to gravity and cause 
increased drainage of the c·ondensate from the tube surface. The purpose 
of this paper is to describe an exploratory experimental and theoretical 
study of this problem. 
Raben et a1 (1) carried out experiments with steam condensing at 
atmospheric pressure on a transversely vibrating vertical tube of 1 in. 
diameter and. approximately 3 ft in length. The authors found that the 
condensation heat transfer coefficient increased with increasing vibra.ion 
intensity, - where intensity is defined as the product of vibration 
amplitude and frequency - increases up to 50% were observed in the 
2.4~. 
frequency range 38 to 98 c/s. with amplitudes of the order of 0.1 to 0.5 ins. 
The authors also found that the increases in heat transfer with. vibration 
were reduced when air Was introduced into the steam supply line to the 
condenser chamber. 
Haughey (2) conducted an experimental investigation into the 
condensation. of ethanol vapour on a 0.905 dia. horizontal tube, in the 
presence of longitudinal oscillation of the tube along its axis. The 
author observed increases of the condensation heat transfer coefficient 
with oscillation intensity up to 20% above that for the oscillation free 
case. The frequency of oscillation was varied between 0 ano.140 cls and 
the maximum amplitude of oscillation was 0.059 ins. 
The papers of Raben et a1 (1) and Haughey (2) appear to be the. only 
works discussing the effects of tube vibration on condensation heat transfer. 
No work appears to have been conducted with vibration of a horizontal 
tube in the same plane as the gravitational force. 
Experimental Study 
Because it is easier and less expensive to conduct condensation 
. experiments at pressures that are above atmospheric pressure rather than 
below it, and because of the exploratory nature of the study, experiments 
were carried out with steam at a pressure of 1.5 ins. of mercury 
above atmospheric in the condenser shell. 
The condenser shell was made from 6 in. dia. steel piping onto which 
was welded a hood and steam delivery pipe. The shell was provide. with a 
number of instrument ports and tliree 3~ in. x 2~ in. observation ports. 
Care was taken to see that steam from the delivery pipe did not impinge on 
the condenser tube. 
- 2 -
Condensate was drained from the bottom of the condenser shell. A 
central port in the bottom of the condenser shell carried a Phosphor 
a 
Hronze bush through which the leg of/stainless steel tube T assembly 
2.44· 
passed. The leg of the T was connected to a 40 Ib! thrust ele~~agnetic· . 
vibrator mounted on an anti vibration bed •. The condenser shell was also 
mounted on the anti-vibration bed by means of a Dexion frame. 
The condenser tube was made from 99.85% pure annealed copper tubing 
of 0.83 in. O.D. and 0.04 ins. wall. The tube was 13! ins. long and 
was attached to the T assembly by copper lugs. Paxolin spacers ensured 
electrical isolation of the tube from the T and the rest of the condenser. 
The ends of the condenser tube were closed with copper flanges carrying 
hose connectors for! in. rubber tubing used for the water supply. 
:A Drljwipg of the condenser and of the tube and T assembly tis . shown 
in figure,. 1 
Steam supply was from a small automatically controlled boiler on which 
delivery pressure could be preset in the range 20 to 150 p.s.Lg. Water 
supply to the condenser tube was from a centrifugal pump, flow measurement 
being achieved by means of ~ calibrated venturi. 
Evaluation of Condensation Heat Transfer Coefficient 
The method selected for the evaluation of condensation heat transfer 
coefficient necessitated the accurate measurement of outside surface 
temperature of the tube. Use of thermocouples located at the surface of 
the tube were not considered, because of the strong local effects on the 
condensation process observed by Hampson (3). The method used was that 
proposed by Jeffrey (4) and further discussed by Watson and Clark (5). 
This method used the tube as the unknown resistance in an electrical bridge 
circuit: A,Kelvin double bridge with a pre~~plifier and 
galvanometer was used here for the determination of tube temperature, 
the effect of lead wires on the measurements were reduced to a negligible 
level by methods discussed by Harris (6). The long term electrical 
stability of the tube was very good. Frequent resistance - temperature 
calibration in a temperature controlled water bath overcame the difficulty 
of increased resistance due to cleaning and polishing. 
The condensation heat flux was determined from the product of water 
flow and its temperature rise. Water inlet and outlet temperatures being 
measured with 26 s.w.g. Copper-Constant an thermocouples located in the plane 
of the inlet'and outlet water flanges by means of brackets. The thermocouple 
wire was taken from the condenser along the inside of the rubber water pipes. 
Thermocouple e.m.f. was measured on a Vernier Potentiometer capable of 
determining changes in temperature 'of about 0.050 C. 
coefficient was determined from 
The heat ·transfer 
- 3 -
h = m cp (ewo - Swi) 
A (9sat - 9sur) 
m could be determined with an accuracy of 3%. 
(1) 
For expected values of 
expected accuracy of measurements are 1% and 2.5%. A was determined with 
an estimated accuracy of 2%. 
error in h wo~ld be about 5%. 
From the theory of errors (7) the estimated 
Measurement of amplitude and frequency 
2~~ 
I 
I 
I 
I 
I 
Vibration amplitude was measured with a linear transformer displacement 
,transducer. The moveable core of the transformer being suitably finked 
to the driving head of the vibrator. The output from the transformer 
was displayed on an oscilloscope. The electromagnetic vibrator was fed 
with a preset frequency signal from an oscillator through a power 
amplifier. The 
ducer were found 
set frequency of the oscillator and that from the trans-
to agree in the range 20 ..::: f ~ 100 c/s. The amplitude 
of vibration was controlled through the power amplifier. 
Experimental Procedure and Precautions 
Before steam was admitted to the condenser all instruments and 
transducers were checked for level of signal with cold water circulating 
through the tube. 
The steam line was blown down before steam was admitted to the 
condenser, through a strainer and throttling valve. Boiler pressure was 
set to ensure 10 to 20 C of superheat of vapour in the condenser. The 
system was allowed to stabilise for about an hour before final readings 
were taken. 
A static run was carried out before each set of vibration runs and 
the resul ts compared with Nussel t' ,s theory for filmwise condensation on a 
horizontal tube (8) which gives 
ho = 0.72 [.l2Shf3 ~1! 
/{. D (esIIy: - esu~J 
(2) 
If the value of ho determined experimentally was between 10 - 20% greater 
than that predicted by equation (2), ,the test was continued, this is in 
accord with McAdam (9). An increase much greater than 20% indicating 
dropwise ' condensation while a decrease indicated the presence of air in 
the condenser. 
To ensure filmwise condensation the tube was cleaned in accor~ance 
with the method of Hampson (3). To ensure adequate removal of air from 
the vicinity of the tube, two! in perforated copper pipes running parallel 
along the length of the tube and at a distance of about ~ ins. from it , 
- 4 - Z4lO. 
were .connected through rubber tubing to a vent pipe. The condenser 
.waS operated with an estimated Air/Steam mass ratio of 0.008 at entry, 
and a mass ratio of steam vented to entering steam of about 0.70. 
Experiments were conducted with a water flow rate through the tube 
of between 22 and 29 Ibm/hr., at these flow rates the effect of tube 
vibration was confined to the condensation process, Raben et al(l). The 
'0 
mean bulk temperature of the water varied between about 70 to 80 F, whereas 
4 4 the condensation heat flux varied between 7.5 x 10 and 10 x 10 Btu/hr. 
Vibration frequency was varied in the range' 20 ~ f ~ 80 c/s with maximum 
amplitudes up to 0.17 ins. 
Discussion of Results 
2 ft .. 
The experiments showed that the effect of tube vibration caused small 
increases (up to a maximum of 15%) of the condensation heat transfer 
coefficient with vibration intensity. 
A photographic study of the condensate film at points of maximum 
upward and dOwnward displacement' of the tube were made. This was 
achieved with a relay cirouit actuated through a Thyratron, the circuit 
enabled the selection of either a positive or negative voltage peak 
(from the displacement transducer) to trigger a mains operated camera 
flash gun. To obtain good contrast, colour photography was used. 
Because of the inability to reproduce these. photographs here sketches of 
the condensate film with and without vibration are shown in figure (2). 
The rate of condensate drainage did not increase significantly with 
vibration, as one might have expected the vibration to throw condensate off 
the tube surface. The photographs from which the diagrams in figure (2) 
were sketched indicate that the condensate film during the upward 
displacement of the tube is forced towards the lower part of the tube, 
because of high surface tension forces the liquid film in this region 
becomes distended rather than rupturing. On the downward displacement of the 
tube the reverse process takes place, but because the inertia forces due 
to,-yibration and the gravitational forces are in opposition, the film shows 
a tendency to move back to the undisturbed condition, i.e. there is no 
significant disturbance of the film observed at the top of the tube. No 
ripple formation of the condensate was observed On the sides of the tube. 
During the upward displacement of the tube with condensate moving 
towards the lower part of the tube, the condensate film thickness on the 
upper parts of the tube are reduced and therefore better heat conduction 
occurs. 
It is interesting to note that Raben et al (1) also observed that 
very little condensate was thrown off the vibrating tube, instead it was 
seen to accumulate at the two stagnation points of the vibrating tube. 
- 5 -
Because the orientation of the gravitational forces and inertia forces 
at these two points were the same, the areas of condensate accumulation 
were the same at each point. 
Theoretical Analysis 
From the foregoing discussion it is seen that increases in condensation 
heat transfer coefficient with increasing vibration intensity are small. 
To verify that these increases are of the vight order a simple analysis 
will be carried out as a check. 
Because of the small observed increases in the average condensation 
heat transfer coefficient with vibration intensity, the rate of condensa-
tion and hence the average condensate velocity at any angular position 0 
must increase by a small amount. 
If at any 0 the mean velocity of the condensate film under vibration 
, 
conditions is u , which is composed of the S\UD of the mean velocity due 
to gravitational forces u and a small perturbation velocity. ~ <uI) 
due to the averaged effect of oscillation of the tube surface. 
(3) 
The mean velocity due to gravitational forces u for an assumed parabolic 
velocity distribution according to Nusselt theory (8) is 
u.. g (2 
= Ov 
3Y 
sin {lJ (4) 
. b
v 
is the local film thickness under vibratory conditions. uI is the 
average velocity due to vibration and for sinusoidal oscillation is 
considered to be 2 (amax~) sin 0. In the discussion of problems on 
1'1' 
convection and acoustic streaming about a horizontal vibrating cylinder 
(10) the assumption is made that (amax!D) is small. The perturbation 
parameter ~ is considered to be small and dimensionless. 
we put € = (amax!D) 
Then - , u + 2 
'IJ' 
sin 0 
If therefore 
(5) 
If it is assumed with Nusselt that t~e heat release due to condensation, is 
equal to the heat conducted through the film then from figure (3) 
d [ ii ' .J v • I] (6) 
- , Substituting for u from (5) in (6) re-arranging and noting that 
B = 
c = 
M = 1 
B 
N = C 
B 
Then 
Putting 
4 
Z = 3 M~ 
'4 v 
- 6-
2 +~~ 
2 v 
. (7) becomes 
dZ Jp + n Z + ~J2] cot 0 = cosec 0 3 v 
(7) 
(8) 
In the absence of oscillation N = 0 and Z = Zo and (8) becomes 
dZo + i Zo cot 0 = cosec 0 (9) 
dO 3 
subtracting equation (9) from (8) and putting Z = Zo + P where P is the 
perturbation to Zoo gives 
2 dP + 4 P cot o + ~ cS cot 0=0 
d0 3 3 v 
(10) 
Provided NS~ is small P is small 
-3-
The solution to (10) is carried out in the Appendix and is 
P= - N/3 1: S: cos 0 sin 1/3 0 d0 sin473 0 (11) 
The solution of equation (9) according to the method mentioned in the 
. Appendix is 
Therefore Z = 
1 
sin4l3 0 
1 
sin4/30 
E 
s: 
sinl / 3 ·0 dO 
sinl / 3 0 dO -N/3 ~:..::.....~­
sin4/30 
sinl / 3 0 d0 
(12) 
S: b ! cos 01 
(13) 
;2.4 S. 
- 7 -
According to Nusselt's theory of filmwise condensation on a horizontal tube 
(8) 
= 4/3 
sin4/ 3 f' r: (14) 
where ~ is the local condensate film thickness in the absence of 
oscillation. 
Hence (15) 
B 
The solution of (13) requires the knowledge of $ v as a function of 0. 
As this is not known, an iterative process is used to obtain 6
v
• 
To start the iteration it is assumed that 6 = S where $ is obtained 
v 
from evaluating (14). The first iteration gives Zl from equation (13). 
But from the definition of Z 
M~ 2 S2 Zl = 3 + N 
'4 Vt "2 v'I 
~ VI [-therefore N +} (~MY \ ]~ (16) = + 4~1 3M 
The value OfZ;Vl from (16) is substituted in (13) and the value of Z2 
computed and hence <5v2 obtained from the definition of Z. Because the 
difference between b and cS v is small the convergence of the iteration 
is rapid. 
The computation was programmed for a digital computer, results being 
evaluated for 20 intervals between 00 and 1740 • In the computation B 
was taken as 4.35 x 10-16 ft4 this value 
for the experiments. 
to 10 x 106 ft-2 • 
N 
3 
was increased 
being a representative average 
insteps of 1 x 106 from 1 x 106 
With values ofbv of the order of 2 x 10-4 ft the value of N C' 2 _Dv 
. for N = 10 x 106 ft-2 will be 0.40. 
3 
Therefore Ne 1: 2 
_Qv 
3 
3 
is approximately 
11% of 4. Z. 
3" 
This would represent an upper limit to the validity of the 
analysis,since from equation (8), must be small compared with 4 Z. 
3 
The average condensation heat transfer coefficient between any angles 01 
and O2 is defined as 
- 8 -
hv = k f0
2 d0 (17) 
02 - 01 /)v 01 
Therefore hv r2 d01S v (18) = ho 01 
S0
2 
01 
d~1 S 
The computed values of hv 
ho 
according to (18) between the limits 0 0 and 
° 1740 are shown plotted against.!:! • D2 in figure fit 
3 
data points are also shown on this figure. 
The experimental 
The parameter .!:!.D2 can be put into a more meaningful form, if a 
3 
vibration Reynolds number Revib = amax '" D 
= ~ (~i!) Revib 
k (~at-: 6.u:) 
)(. hfg 
Y 
is defined,then. 
(19) 
The parameter k (6sat- 6...:u,) represents the momentum forces in the liquid 
2";0. 
film due to gravity forces and was 
filmwise condensation. Therefore 
obtained by Chen (11) in the study of 
ND2 represents the ratio of perturbation 
forces due to oscillation to momentum forces due to gravity. 
Discussion and Conclusions 
The foregoing experimental and analytical investigation are in 
substantial agreement, both showing that the effect of vibration of a 
horizontal condenser tube in the plane of the gravitational force causes 
the condensation heat transfer and therefore the condensat~on rate to 
increase slightly. The assumption of increased heat transfer being due to 
better conduction through the reduced film thickness brought about by vibration~ 
appears valid within the limits of the analysis. 
From a practical standpoint there is no advantage whatsoever :n 
attempting to exploit tube vibration to enhance condensation heat transfer, 
the presence of non condensable gases in power plant condensers operating 
at sub atmospheric pressures would reduce the very small increases observed 
with vibration. ! .... 
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Appendix 
'" ."., 
sin ~ + i P cos ~ + N cos ~ = 0 I 
3 3 
a 
Equation I is/first order equation linear in P and can be solved (Ref 12). 
by multiplying. through by a factor F (P,~) and then determining the form 
F (P,~) has to take to make I exact. 
The resulting equation will be exact if 
" Therefore' 
F cos ~ + sin ~ = F 
cos .~ 
4 cos ~ + 
3 
If it is assumed that F = F (~) onlY,then 
sin ~ d F = F cos ~ 
,J.~' 3 
Solution of IV results in 
F = sin1/ 3 f!l 
I Multiplied through by V and re-arranged yields 
sin4/ 3 ~ dP + ri P +!! 6 2 ] cos ~ sinl / 3 f!l. d~ = 0 [3 3 v 
VI is exact and may be written as 
dY· = o = [g~ ] . dP + [~] • d0 
or Y = constant Cl 
for exactness = 
Therefore :from VI &; VII 
\g~1 = sin4/ 3 ~ 
and [;;] = 4 [ P+!!cS
2 
] cos ~ sin1/ 3 f!l 
3 4 v 
II 
III 
IV 
V 
VI 
VII 
VIII 
IX 
25'"6. 
Integrating VIII Y = P sin4/ 3 ~ + f (~) 
where f(~) = function of ~ 
l'rom IX and X 
~. [p s1n4/ 3 ~ + f (~) ] = 
ol'l 
On expansion of XI and re-arrangement 
d f(l'l) 
dl'l 
= cos I'l sinl / 3 ~ 
Therefore f~) = ~ fb: ' cos ~ sin1/3 I'l d I'l 
From VII; X and XIII 
.. 
P = 1 [Cl'" Nr& 2 cos ~ sinl / 3 £I .. ' dl'l 1 
81n4/ 3 I'l 3J I V J 
Because of symmetry of the condensate film 
d P = 0 at I'l = 0 
d ~ 
from I,at ~ = 0 
x 
XI 
XII 
XIII 
XIV 
xv 
Using the fact that at small values of ~,8ins6 ~ 
as 0 _0 , S v will tend to a constant value since 
I'l and also the fact that 
of XIV under the.se conditions yields 
2 NS v P = Cl 
-=--
1'l4/3 
from XV and xvt Cl = 0 
Therefore 
, P = - N 
-3:;'s-1-n"""4'-7"'3-1'l 
4 
dP = o. 
dl'l 
[; 2 cos I'l s1n1/ 3 I'l d I'l 
v 
Integration 
XVI 
XVII 
. . 
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Stunmary 
Using the Danckwerts-Mickley model for turbulent exchange, a method has 
been developed in this paper for the calculation of heat transfer coefficient for 
filmwise condensation on a vertical tube, in a transverse mode of vibration. 
Provided the amplitude of vibration a ~ 0.35 ins; agreement has been shown 
o . 
to within t 7%, when comparison has been made with the experimental data of 
(1) obtC\'l!~ 
Raben et al which were c--aucted with 22. 5 ~ f ~ 98 c/s and O. 05 ~ a .:!i 0.5 ins., . 
o 
with condensation head load in the range 22, 000 ~ Q .:!i 55, 000 Btu/hr. 
Notation 
G 
g 
gc 
h 
hf g 
k 
). 
Re f 
Q 
S 
u 
Vv 
x 
y 
<5 
\l 
v 
p 
a 
III 
Am plitude of vibration (L) 
Constant Pressure Thermal Capacity (L2/t2T) 
Vibration frequency (lit) 
Mass flow rate of Condensate per unit perimeter or length (M/tL) 
Acceleration due to Gravity (L/t2) 
Gravitational Constant (Dimensionless) 
Heat Transfer Coefficient (M/t
3T) 
Enthalpy of vapourisation (L 2/t2) 
Thermal Conductivity (ML/t3T) 
Characteristic length (L) 
Film Reynolds Number (Dimensionless) 4G 
'" -\l 
Condensation Heat Load (ML 2/t3) 
Mixing Coefficient (1/ t) 
Velocity in liquid film (L/ t) 
Characteristic velocity (L/ t) 
Distance down tube length (L) 
Local position in liqUid film meaf:lured from tube wall (L) 
Thickness of liquid film (L) 
Absolute Viscosity (M/Lt) 
Kinematic Viscosity (L 2 It) 
Density of Condensate (M/L3) 
Temperature (T) 
Circular frequency (l/t) 
2tl. 
Subscripts 
.0 Conditions in absence of vibrations 
v Conditions in presence of vibrations 
sat Saturated vapour conditions 
w tube wall conditions 
. Other. notation defined in text and Appendix, 
The Calculation of Heat Transfer Coefficient for Condensation of Steam on 
a Vibrating Vertical Tube 
The problem of condensation on a vertical tube in a transverse mode of vibration 
was studied experimentally by Raben et al(1), who were investigating the feasibility 
of using tube vibration to enhance evaporator performance in saline water conversion 
systems. These experiments were carried out using a I in. diameter condenser tube 
41 ins. long. The tube was mounted in a 3 in. dia. Pyrex pipe 38 ins. long, with a 
central T section. The condenser tube was held by end cover plates fitted with '0' 
ring seals, so that it could vibrate in the transverse mode as a pivot ended beam. 
The tube was maintained in vibration through a yoke assembly attached to it; which was 
connected to an electromagnetic vibrator bya driving rod passing through the central 
T section of the Pyrex condenser shell. 
Experimental data were obtained with the tube static and with it vibrating at 
frequencies in the range 22. 5 to 98 c/s with amplitudes up to 0.5 ins. at the resonant 
frequency of 38 c/s. Data were obtained at heat loads of approximately 22,000; 38,000 
a~d 55,000 Btu/hr this being achieved by control of the inlet water temperature to the 
condenser tube. Steam was condensed at approximately atmospheric pressure, care 
being taken to ensure that non-condensable gases were not present in the shell. The 
vapour velocity over the condenser surface was low. 
These experiments showed that beyond a critical condition, (below which the 
effect of vibration wa,s negligible) the condensation heat transfer coefficient increased 
continually with vibration intensity - (defined ~s the product of vibration amplitude and 
frequency) - to about 55% above the vibration free value, at a frequency of 73 c/s and an 
amplitude of 0.2 ins. The heat transfer coefficient for the static tube was found to be 
.' . . . (2) 
10% greater than that predicted by Nusselt's .theory . Observation of the 
1 
262. 
condensate film on the tube showed that the water was not thrown off the tube during 
vibration as might have been expected, but was moved from side to side to form 
accumulations at the points on the tube as shown in figure (1). This movement of the 
condensate contributes to greater mixing in the film and therefore improved heat transfer. 
The mixing mechanism wo'1ld result from an interaction of the vibratory motion of the 
tube and the motion of the liquid film down it under the action of gravity. 
Ideally one would seek a solution to the problem under study by attempting to 
specify the local conditions of flow, mixing and heat transfer mathematically, and on 
solution of the resulting equations with appropriate boundary conditions obtain the 
. average effects of mixing on heat transfer for the whole surface. However, because the 
process involving the interaction of large amplitude vibrations of the heat transfer 
surface, and the motion of the liquid film under the action of graVity is complex, a 
semi-empirical approach to the solution of the problem appears reasonable. 
In the study of complex mixing processes associated with stirred chemical 
reactors, ·fluidised beds etc., the surface renewal concept of Danckwerts(3) and 
Mickley(4) has found successful application. 
The surface renewal concept has been extended to turbulent heat and mass transfer 
at a solid fluid interface by Hanratty(5), and Toor and Marchello(6).' It has also been 
applied in the calculation of mass transfer rates at a gas-liquid interface, for the 
gravitational flow of a rippled two dimensional liquid film over a plane vertical 
surface (7). 
In the Danckwerts - Mickley surface renewal model for the turbulent exchange 
of heat between 'a fluid and a solid surface, it is assumed that macroscopic "lumps" 
of fluid from the bulk region, move randomly to contact the boundary surface, 
exchange heat with it in a transient manner before being displaced by fresh "lumps" 
2 
from the bulk region. The renewal process is assumed :0 take place randomly 
and at high frequency, the distribution of "ages" of lumps in contact with the surface 
decreasing exponentially with age - at small values of time surface is covered pre-
dominantly by fresh "lumps", at large values of time, little of surface is covered by . 
"old" fluid lumps. 
" (3) • (6) 
It can be shown • that the average heat transfer coefficient at the fluid-
, 
solid surface is given by 
h = [k P CpS ] ! (1) 
where S 
1 .1 
= A f S 2 • dx , is the average rate of renewal of fluid lumps at the 
A x 
surface. The rene\val rate S (or mixing coefficient) is constant for lumps of all ages 
at the surface, and is controlled by the geometry and fluid mechanics of the problem -
there is no preferential renewal of any particular age group at the surface. 
The concept of surface renewal is in accord with observations of turbulent forced 
. " fl . d b F d T d(8) H h" ·k (9), convective ows carne out y age an ownen·, anratty and . IS co -wor ers 
(10) (11) 
Bakewell and Lumley and Sherwood et al . Observation of the turbulent free 
(12) . 
convective boundary layer fluctuations by Locke and Trotter • gives further support 
to a surface renewal model for the exchange process at the wall. . 
Toor and Marchello(6) show that the surfacer·enewal or mixing coefficient is 
proportional to. 5 for fully developed turbuleat" pipe flow. where V is the average flow 
velocity in the pipe and D the pipe diameter. For turbulent pipe flow the scale of the 
turbulent mixing is of the order of the pipe di«meter. 
In the problem under study here where the mixing motion is due to the combined 
action of gravity on the liquid film, and the lateral movement of the film due to tube 
vibration, the mixing coefficient S under these conditions might be expected to be 
v 
3 
proportional to V , where V is a representative velocity of the liquid film under 
. v v . 
T 
vibratory conditions and A is a scale of mixing which is of the order of the condensate 
film thickness. 
From previous work by the <\uthor(l3);(l4) on convective heat transfer in the 
presence of oscillation, and the work of Brooke-Benjamin(l5) onthe stability of 
liquid films, V is assumed to be of the form 
v [( a~w)2 + um2ax J!, 
where (a OW ) 2 is proportional to the m ean kinetic energy of the vibrating tube 
1T 
(See Appendix). 
Under critical conditions of vibration, when the heat transfer coefficient for the 
. tube is just beginning to increase, the mixing coefficient will be proportional to 
V CRITICAL ; there being no change in the order of magnitude of the scale of mixing. 
Therefore h 
v 
hCRITICAL 
= 
1 
. 2 
[VCR~CALJ (2) 
In the problem under study here, there is transition of flow from laminar to a 
pseudo-turbulent mode under vibration free conditions. With vibration present the 
condensate film is moved between the stagnation points of the vibrating tube, in addition 
to its movement under the action of gravity down the tube. Under these conditions the 
motion of the film is not easily described mathematically, therefore the average mixing 
coefficient for the whole surface cannot be obtained from the integration of a number of 
. 
point values along the surface. An alternate procedure is to consider the observed 
behaviour of the condensate film under vibratory and non-vibratory conditions and from 
this postulate a mixing model based on a representative flow velocity at a single point 
on the tube surface, and test the result of this in equation (2), against experimental data 
for the ratio hv' it being noted that numerically ho ~ hCRITICAL 
il 
o 
4 
In the present study no definitive informatioil concerning instability of the 
condensate film, and its transition to turbulence is given by Raben et al(l), It is 
therefore assumed that turbulent instability first occurs at the point of tranSition to 
pseudo -turbulent flow, when the film Reynolds number Re = 400 Portalski(l6), (17). 
f 
Hence the representative fluid velocity u for the condensate film will be 
max 
evaluated at this point, 
The Nusselt theor/2) will be used for the calculation of u ,as this has 
. max 
been found by Kutateladze(18) to give a reasonable approximation of filmwise 
condensation behaviour upto Re ::::: ~OO for the condensation of steam, 
f 
At the critical condition when vibration first causes an increase in heat transfer 
coefficient, it is assumed that vibration does not supplement mixing, so that under t.~ese 
conditions VCRITICAL = umax and 
= ( a o
W 
) 2 J1 
1T umax . 
(3) 
For the parabolic velocity distribution in the condensate film which is valid to the 
, , (17) (2) 
point of transition to pseudo -turbulent flow, Nusselt theory yields 
2 
u 
= 
Pg 0 
max 211 [4 Il kX(SSAT - SW) ] and 0 = 2 . g P hf 
2 
Thereforeu max = 
g 
g k x (SSAT - Sw) 
Il hf 
g 
'From equations(3) and (6) 
5 
.! 
4 
(4) 
(5) 
(6) 
-- ------------------------------------------------------
h 
v 
hCRITICAL 
= 
Now G =)0 
o 
p.u.dy 
From Nusselt's theory 
u = 
g ~2 
Therefore G = 
1 
2 
2 3 
p • g . .5 
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(n 
From (5) and (10) Re can be written as 
f 
2J 
4 
= 3" [ _4_k_X_(_e..:s~A:.:T:.---...:e-w-)-p-~-g-t J! 11 5/3 hf g 
Comparison with Experiment 
t 
(7) 
(8) 
(9) 
(10) 
(11) 
For each test run tabulated in reference (1) the value of x for which Re .. 400 
f 
was evaluated from equation (ll), all physical properties of the condensate being 
evaluated at the film temperature with the exception of enthalp1 of vapourisation, 
which was evaluated at the saturation temperature. The value of x obtained in this 
way was used in equation (7). The comparison between hv from equation (7) 
hCRITICAL 
. and the values of hv obtained experi~entally in refeL"ence (1) are shown in figure (2). 
ho 
Remembering that the static tube tests of reference (1) resulted in heat transfer 
coefficients whi~h were about 10% in excess of those predicted by Nusselt's theory (2) , 
6 
~1. 
it is estimated that the error introduced by use of Nusselt's theory in equation (7), 
for calculation of umax will result in an error of about 5% in comparison with 
experimental data for [hv/ho J 
In the comparison of experimental data from reference (1) with equation (7), it 
was found that data for the resonant mode vibration at 38 c/s with amplitude greater 
than 0.35 ins., were not in as close agreementwith equation (7) as the other data. 
The reasons for this are thought to be: 
1) The mixing model put forward considered only the energy associated with 
268. 
the tube vibration and the liquid film kinetic energy to characterise the mixing process. 
At large amplitudes of vibration, adhesion forces in the liquid film will be of greater 
Significance in inhibiting the lateral motion of the liquid film, thus the simple model 
, 
would overpredict mixing and heat transfer in these situations. 
2) The possibility exists that at large amplitudes of vibration (a ~ 0.3 ins) 
o 
there is a departure from the assumption of the tube behaving as a pivot ended beam, 
and the tendency to vibrate as a built in beam. This will reduce the tube vibration 
energy for a given amplitude and frequency. Again the specified mixing model would 
cause an over prediction of the heat transfer coefficient. 
For most situations that might possibly arise in engineering practice a is 
o 
likely to: be less than about 0.3 ins. because of failure due to metal fatigue in the 
condenser tubes. Therefore the method discussed here for computing condensation 
heat transfer coefficient in the presence of transverse vibration of vertical condenser 
tubes would appear adequate. 
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Appendix 
x. 
z = z sin Wt 0 
andz = a sin 11 x 
0 0 
1. 
K. E. of vibratio,::l at x for deflection of z at time t is 
Using the r. m .'S. value of z at x 
K. E. ~f vibration is -f-. 
gc 
2 (w z) 
The mean deflection of the Beam at maximum amplitude is 
z 
o 
= a 
o 
1. 
JR. sin 
o 
1IX dx = 2 a 
o 
11 
Therefore K. E. for mean deflection of the beam is 
K.E. = 
'-71. 
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NOTATION 
FUNDAMENTAL UNITS, MASS [M], LENGTH [L]. TIME [t] 
AND TEMPERATURE [T] 
a Amplitude of oscillation [ LJ 
C Thermal Capacity of Air [L 2/t2TJ p 
D Diameter of Cylinder or pipe [L]' 
f Oscillation Frequency [l/~ 
Gravitational Constant [DlMENSIONLES~ 
GR ' Grashof Number based on Cylinder Diameter [PlMENSIONLESSJ 
h , r; 3-Average heat transfer Coefficient LM/t TJ 
k Thermal Conductivity of Air [ML/t3T] 
L Characteristic Length [L] 
m A Constant [PIMENSIONLESf! 
n A Constant [!JIMEN SIONLES~ 
Re 
s 
S 
Streaming Reynolds Number = ta: w J 
Mixing Coefficient [L/~ 
t Time [t] 
U Velocity [LIS 
V Velocity ~/~ 
r Scale of turbulence or mixing [L] 
). Wavelength of Acoustic Oscillation [i:..] 
[!JlMENSIONLES~ 
..270. 
v Kinematic Viscosity of Air [L2t~ 
p Density of Air ~tL~ 
e . Temperature [T] 
Circular Frequency [ltt] 
SUBSCRIPI'S 
o In absence of oscillations 
s Pertaining to Streaming flow conditions 
v Pertaining to Oscillation conditions 
Other Notation defined in text. 
J 
Summary 
A method based on the Danckwerts Mickley Model for turbulent 
mixing has been presented for the calculation of average heat transfer 
coefficient from heated horizontal cylinders in air, placed in a 
plane stationary sound field with tr=> >, 6.0, or subjected to 
mechanical oscillations in a transverse plane with ~ < 1. 
Agreement with published experimental data is good provided 
2 
and Re 
s 
- <10. 
GR '" 
) 
The effects of Acoustic and Mechanical oscillations on Free convection 
from heated cylinders in air 
The transverse o,cillation of a circular unheated cylinder in 
still air, or maintaining the cylinder in a transverse acoustic field, 
causes a steady isothermal sUBaming motion of the fluid to be set up 
around the cylinder ~ 
This streaming motion results from the interaction between the 
viscous forces, and those resulting from the Reynolds stresses set up 
by the oscillation in the fluid medium. 
In free convection from a stationary heated cylinder to a 
quiescent fluid medium, the convective flow is dependent on the interaction 
of the buoyancy and viscous forces within the fluid. 
The problem. under study here would therefore involve an 
interaction between the forces resulting from isothermal streaming and 
. those associated with free convection. 
The object of this paper is to present a method for the calculation 
of the average heat transfer coefficient for· heated horizontal. cylinders 
in air, which are held in a plane stationary sound field, or are subjected 
to transverse mechanical oscillations in still air. Only those cases of 
mechanical oscillation for which the ratio 15 < 1 will be discussed. 
. A survey of the experimental work carried out in this field can be 
conveniently tabulated in the following way. 
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Conditions of Oscillation. 
Horizontal Sound 
I) Pield, perpendicular to 
cylinder axis 
Mechanical Oscillations 
2) of the cylinder in a 
horizontal plane 
Vertical Sound Pield 
3) Perpendicular to 
.cylinder axis. 
Mechanical Oscillation 
4) of the cylinder in the 
vertical plane 
Experimental 
Variables 
645 "f .;6100 C/ s. 
o ~ M ~ 2500 p 
o "S.P.L. " 151' db 
27 "f ..;104 C/s. 
20..; lie $ 2000 p 
o <a/D< 1 
.709$f ..;1476 C/s. 
lie "140op 
125"'8.P. L. $ 140: db 
29 $ f ,,225 C/s. 
25 $ lI6 $ 2000P 
o <a/D< 1 
Cylinder 
Diameter 
ins. 
1.83 
Reference 
1 - 4 
5,6 
7 
5,8 
Observations made in the course of the above listed experiments show 
that certain features of the flow and average heat transfer are common for 
a.given plane of oscillation, irrespective of whether the oscillations are 
acoustic or mechanical. 
Pand and Peeblel6) showed that provided the ratio 2~ ~ 6.0 for. 
acoustic oscillation, the average heat transfer coefficient in the presence 
of acoustic oscillation is 'the same a.S that for mechanical oscillation for 
the same intensity (af) of oscillation. It was found(l), (6) that at low 
intensities of oscillation the effect of oscillation on the average heat transfer 
coefficient was negligible. At a critical intensity (S.P.L." 140 db; af ,,0.3ft/sec) 
the average heat transfer coefficient began to increase, and continued to do 
so with ~ncreasing oscillation intensity. 
Flow visua1isati~~;(5);(6) showed that at the critical intensity a streaming 
motion began to develop in the upper two quadrants above the cylinder. 
- 2 -
At a higher intensity (S.P.L. " 146 db; af" 0.7 ft/sec), this streaming 
motion established itself, and consisted of the periodic growth and 
collapse of two vortices centred in the two quadrants above the cylinder. 
The growth and collapse of the vortices alternated between each quadrant., 
Further increases in intensity of oscillation caused the vortices to increase 
in size, but the basic character of the flow remained unaltered. It was 
found(2) that with 3D >6.0 the development and size of the vortices 
were independent of frequency of oscillation. 
Measurements of local heat transfer coefficient(3) showed increases 
on both upper and lower surfaces of the cylinder, the former being 
about four times greater than the latter in magnitude. The increase 
Qf.the heat transfer coeffici<i!nt on the upper surfaces being attributed. to . 
, , 
vortex growth and collapse in the region causing greater fluid mixing. 
while the increases on the lower surfaces were attributed to unsteadiness 
,in the laminar boundary layer induced by oscillation. Richardson(7) using 
Schlieren techniques observed the boundary layer behaviour around a 
heate:dcylinder in a standing vertical sound field. He found that at 139 db 
S.P.L. the boundary layer between the lower stagnation point and 450 from 
it was distended and unsteady. with the possibility of two standing 
vortices being formed along the length of the cyiinder and centred on the 
450 points. With acoustic intensity of 140 db. the fluid from the bottom 
of the cylinder began to ''bubble'' up through the boundary layer and pass 
into the wake, first on one side of the cylinder and then the other. With 
further increase in the intensity of oscillation, the frequency of the "bubble" 
- 3 -
.l o. 
shedding increased. The initial thickening of the boundary layer caused 
a decrease in the average heat transfer coefficient of between 3 and 
20%. Richardson concluded that the flow field was qualitatively consistent 
with a superposition of the acoustic streaming and convective flow fields. 
Lowe(5) carried out ~ flow visualisation study, (using smoke) of the 
effects of vertical mechanical oscillation on free convection about a 
heated cylinder. He observed that instability occured at the top of the 
cylinder at the critical intensity (when the average heat transfer coefficient 
is just increasing), and that this instability developed to turbulence which 
moved upstream towards the lower stagnation point with increasing intensity 
of oscillation. Just below the critical intensity a decrease of about 4% 
in the average heat transfer coefficient was noted. Lowe also noted that 
the difference between average coefficients of heat transfer for oscillations 
in the vertical and horizontal plane were small. 
A smoke study by Fand and Kaye(8) for vertical mechanical 
oscillations also revealed a turbulent flow field about the cylinder, though 
no observations were discussed concerning the onset of the instability. 
From the foregoing survey it is clear that horizontal acoustic and 
mechanical oscillation have the same effect on the average heat transfer· 
coefficient from the cylinder, and give rise to the same flow mechanism 
A 
provided oscillation intensity is above the critical and 20 > 6.0. 
The literature dealing with acoustic and mechanical oscillation in 
. . 
the vertical plane show that beyond the critical intensity of oscillation, a 
transition type of instability from laminar to turbulent flow in the wake 
and on the upper surface. of the cylinder exists. 
- 4 -
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252.. 
For both horizontal and vertical oscillations it is the increase in mixing 
on the uppel:" sul:faces of the cylindel:" that are causing the large incl:"eases 
in heat transfel:" coefficient. Because instability and mixing are initiated 
on the uppel:" sul:faces of the cylindel:" for both hOl:"izontal and vel:"tical 
modes of oscillation, and because Lowes'l:"esults(5) show that the plane 
of oscillation has little effect on the avel:"age heat transfer coefficient, 
the possibility exists of setting up a common method to calculate the 
avel:"age heat transfel:" coefficient for eithel:" plane of oscillation. FUl:"thel:" 
support to this, is given by the flow visualisation of Lee and Richardson (4) 
and Richardson(7) these authol:"s conclude that fOl:" horizontal and vertical 
modes of acoustic oscillation, the flow field is qualitatively consistent 
with a superposition of t\1e streaming and convective flows about the 
cylindel:". 
In attempting a common method of calculating the heat transfel:" 
coefficient, an analysis cannot be made by specifying local conditions of 
flow, and integrating these obtain an averaged effect. This is so because 
local conditions are different for each plane of oscillation. However, a 
semi-empirical approach can be adopted whereby fl:"om observed data, 
variables can be chosen which characterise the flow and mixing behavioUl:" 
in the boundary layel:". A mixing mechanism can be postulated to account 
for increased mixing in the boundaty layer due to oscillation, and from 
this the avenge heat transfer coefficient calculated and checked against 
expe:t"iment. 
- 5 -
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The Mixing Model 
In the study of the effects of. acoustic and mechanical oscillations 
on convective and condensation heat transfer Dent (9 - ll)has found 
that a suitable model for the averaged effects of mixing in the boundary 
. (12) (13) layer could be developed from the Danckwerts - Mickley , . model 
for mass or heat transfer in the presence of a high, degree of mixing 
such as in stirred reactors and fluidised beds. In the application of the 
Danckwerts - Mickley Model to the turbulent heat transfer from a fluid 
to a wall surface, it is considered that "lumps" of fluid from the bulk 
region move randomly and at high frequency to the wall, exchange heat 
with it in a transient manner before being displaced by fresh fluid 
"lumps" into the bulk region. 
L'ocke and Trotter (14) have f.Qund from their experiments on 
J turbulent structure in a free convective boundary layer, that the concept 
of a passive laminar sublayer was not strictly valid. Therefore the 
use of the Danckwerts - Mickley exchange model in the problem under 
study here would appear to be justified. 
According to the Danckwerts - Mickley. Model the. average heat 
transfer coefficient between the fluid and the wall is given by (12)(13) 
(1) 
Where S is the average mixing or renewal coefficient over the surface, 
and is controlled by the fluid mechanics and geometry of the particular 
situation. 
. (15) 
Toor and Marchello have shown that for turbulent pipe flow 
S U Re 0.8 a 
is 
(2) 
11/3. 
Because the scale of turbulence ( r) in pipe flow is proportional to 
pipe diameter equation (2) can be written as 
s aU f 
• R 0.8 
e 
(3) 
In the absence of oscillation the turbulent free convective flow 
over a· body of characteristic length L which is not large in comparison 
with the scale of turbulence or mixing. might reasonably be expected to 
have a mixing coefficient of the form 
s v 
"' 
a 
r 
G n • R (4) 
where V is a representative velocity in the boundary layer. 
In the problem under study here the mixing is induced by the 
streaming flow interacting with the laminar free convective flow field to 
produce a transition to turbulence. In the study of transition of laminar 
free convective flows to turbulence, (16-18) it has been found that the 
. instability originates in the region of the outer point of infle.xion in the. 
, 
laminar velocity profile. It would therefore appear reasonable to expect 
the intereaction between the streamir.g and laminar free convective flows 
to occur in this region. It was pointed out earlier that the greater part 
of the increased mixing and heat transfer due to oscillation occurs on the 
upper surface of the cylinder. 
. . (19) 
From Hermann.'s analysis of the laminar 
free convective flow of gases over a horizontal cylinder, it is known that 
decceleration of the flow commences at a ·point approximately 1350 from 
the lower stagnation point on the cylinder. The tendency to separation and 
vortex formation in a deccelerating now over a cylinder, and the instability 
. . .- . 
condition discussed above, make .the choice of the point of interaction between 
- 7_-__ 
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the streaming and free convective flow, at the outer inflexion point in 
the laminar velocity profile, 1350 from the lower stagnation point, appear 
quite reasonable. 
From previous work(9 - 11) it is assumed that the characteristic 
velocity V, for free convection in the presence of oscillation, which is 
v 
to be used in the expression for the mixing coefficient S , can be 
v 
established by considering the energy of the flow in the critical region 
of the laminar velocity profile at 1350 , to be supplemented by the energy 
of the streaming flow- at the same point. 
Hence 
V 2 
v 
2g 
c 
But from HermanR9) 
= 
1 
2g 
c 
VINFLEXION 
@ 1350 
(20) 
. and from Schlichting 
= -t 3 (a ~ w)- the positive 
indicating direction of fluid motion for a horizontal mode of oscillation and 
VSTREAMING 
@ 1350 
sign 
the negative sign, fluid motion for a vertical oscillation mode. 
Making the appropriate substitutions in (5) 
(6) 
In the presence of oscillation and free convection, where there' has 
been a transition to vortex groWth and collapse, or turbulence in the fluid 
- 8 -
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flow, the. mixing coefficient Sv might be expected to have the form. 
S V 
Gm 
a v R (7) v 
-r-
or S +1l9~RDI,)2 9f:·)2T / "', m v + /GR; • 
r 
(8) 
At the critical intensity of oscillation, when the average heat transfer 
coefficient is just beginning to increase, the effect of the streaming flow 
on the mixing coefficient and therefore on average heat transfer coefficient 
is negligible, therefore 
Hence 
h 
v 
m· 
SCRITICAL a GR 
-.:.:.---
. rCRITICAL 
hCRITICAL 
.~ !. 1 ~k G 7: \.j! 
• 0.119 f R u \ 
, 0 I \ / 
(9) 
(l0) 
In the study of unsteady laminar boundary layers(20) the boundary. 
layer thickness over which unsteady effects are of importance, is found 
tobe equal to[ ~J!. In the study of turbulence(21) D;-J! is fOU~d to 
be proportional to the scale of turbulence. Therefore putting ra[;] 'l. 
relates the scale of the mixing motion due to the oscillation with the 
- 9 -
frequency. 
In the case of mechanical oscillation of the heated cylinder 
(frequencies < acoustic frequencies), in which the intensity of oscillation 
is such that a fully developed vortex system or turbulent mixing is created 
about the cylinder, it is expected that an increase in the scale of the 
mixing process will be present when compared with acoustic oscillations 
for which 2~? 6.0. If it is assumed that at the critical condition for 
mechanical and acoustic oscillation the scale of mixing is the same 
(provided 2~ ~ 6.0), then, .evaluation of rCRITICAL at 2~ = 6:0 
for an ambient temperature of 700 F and 0 = ~ in. yeilds r Cl U 2 [ Jl O:IT""., 1490 
Therefore 
For acoustic oscillation for which A 20 ? 6.0, the effect of frequency 
on vortex size was negligible (Fand and Kaye (2)) therefore the effect 
, of scale of mixing on hv will be negligible, hence for 
acoustic oscillation. hCRITlCAL 
, V = I ,~ 75.5 Res 4 ht'" jl 
hCRITICAL ,GR 
For mechanical oscillation where scale of mixing is of importance 
h 
v 
hCRITICAL 
Numerically hCRITICAL '" h the heat transfer coefficient in the o 
(11) 
(12) 
absence of oscillation. Therefore h from equation (11) and (12) 
v 
. hCRITICAL 
__________________ -_10_-'----__ 
238. 
. above may be plotted against h from experiment. y 
h 
o 
Before a comparison between equations (11) and (12) and experiment 
is carried out, it would be desirable to establish the conditions of 
validity of these two equations. The method put forward here considers 
a superpositionof the energy in the streaming motion with that of the 
critical layer in the laminar boundary layer, to give increased mixing 
,l 
'. and heat transfer in the boundary layer. The destabilising effect of 
the hot wall surface (20) cannot be accounted for. It is expected therefore 
that the method developed here would be valid for cases of low M, 
therefore comparison with the experimental data' of references (1); (5); 
and (6) and (8) have been considered at the lowest M at which heat 
transfer data were obtained. 
From Lowe's experimental data (5) it is clear that an upper limit 
to the validity of equations (11) and (12) occurs when oscillation induced 
. 2 
forced convection prevails. This occurs when Res ~ 10. The lower limit 
G 
of validity would be at conditions of oscillation whlh first produce a fully 
developed condition of turbulence or vortex growth and collapse. From 
the data of references (1); (5) and (8) this has been established in figure. (1) 
Comparison with Experiment 
. li 
A plot of 'l from the experimental data of references (1); (5); (6) and 
ho 
(8) . is shown in figure (2) against h v from equations (11) and (12). 
hCRITICAL 
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2. flf.1 
It will be seen from figure (2) that the results calculated from equations(ll) 
and (12) for the increase in heat transfer coefficient due to oscillation, 
are in good agreement with the measured values of h/ho proyided M ~ 500 F 
2 
and R /GR < 10. es '" 
A method based on the Danckwerts - Mickley Model for turbulent 
. mixing has been presented for the calculation of average heat transfer 
coefficient from heated horizontal cylinders in air placed in a plane 
stationary sound field with 2~ ~ 6.0, or subjected to mechanical 
oscillations in a transverse plane. Agreement with experiment is good 
o R 2 provided M ~ 50 F and es ~ 10. 
GR 
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COMPARISON BETWEEN EXPERI MENT 
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